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SECTION 1 

INTRODUCTION 

The intent of this document is to present a technical protocol for data collection and analysis in 
support of intrinsic remediation with long-term monitoring (LTM) for restoration of groundwater 
contaminated with fuel hydrocarbons. Specifically, this protocol is designed to evaluate the fate 
in groundwater of fuel hydrocarbons that have regulatory standards. Intrinsic remediation is an 
innovative remedial approach that relies on natural attenuation to remediate contaminants in the 
subsurface. In many cases, the use of this protocol should allow the proponent of intrinsic 
remediation to show that natural degradation processes will reduce the concentrations of these 
contaminants to below regulatory standards before potential receptor exposure pathways are 
completed. The evaluation should include consideration of existing exposure pathways, as well as 
exposure pathways arising from potential future use of the groundwater. 

Based on experience at over 40 Air Force sites, the cost to fully implement this protocol ranges 
from $100,000 to $175,000, depending on site conditions. This cost includes site characterization 
(with monitoring well installation), chemical analyses, numerical modeling, report preparation 
including comparative analysis of remedial options, and regulatory negotiations. The additional 
chemical analyses required to implement this protocol typically increase analytical costs by 10 to 
15 percent over the analytical costs of a conventional remedial investigation. This modest 
investment has the potential to save significant taxpayer dollars in unnecessary cleanup activity. 

The intended audience for this document is United States Air Force personnel and their 
contractors, scientists, consultants, regulatory personnel, and others charged with remediating 
groundwater contaminated with fuel hydrocarbons. This protocol is intended to be used within 
the established regulatory framework. It is not the intent of this document to prescribe a course 
of action, including site characterization, in support of all possible remedial technologies. Instead, 
this protocol is another tool, similar to the Air Force Center for Environmental Excellence 
(AFCEE) - Technology Transfer Division bioventing (Hinchee et al., 1992) or bioslurping 
(Battelle, 1995) protocols that allows practitioners to adequately evaluate these alternatives in 
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subsequent feasibility studies. This protocol is not intended to support intrinsic remediation of 
chlorinated solvent plumes, plumes that are mixtures of fuels and solvents, or groundwater 
contaminated with metals. It is not the intent of this document to replace existing United States 
Environmental Protection Agency (USEPA) or state-specific guidance on conducting remedial 
investigations. 

The AFCEE Remediation Matrix - Hierarchy of Preferred Alternatives has identified intrinsic 
remediation as the first option to be evaluated for Air Force sites. This matrix implies only that 
intrinsic remediation should be evaluated prior to proceeding (if necessary) to more costly 
solutions (e.g., pump and treat), not that intrinsic remediation be selected “presumptively” in 
every case. The USEPA has not identified intrinsic remediation as a presumptive remedy at the 
time of this writing (September 1995). 

Fuels are released into the subsurface as oily-phase liquids that are less dense than water. As 
oils, they are commonly referred to as “light nonaqueous-phase liquids,” or LNAPLs. The 
greatest mass of contaminant hydrocarbons are associated with these LNAPL source areas, not 
with groundwater. For typical spills, 90% of the benzene, 99% of the benzene, toluene, 
ethylbenzene, and xylenes (BTEX), and 99.9% of total petroleum hydrocarbons (TPH) is 
associated with the oily-phase hydrocarbons (Kennedy and Hutchins, 1992). As groundwater 
moves through the LNAPL source areas, soluble components partition into the moving 
groundwater to generate the plume of dissolved contamination. After further releases have been 
stopped, these LNAPL source areas tend to slowly weather away as the soluble components, such 
as BTEX, are depleted. In cases where mobile LNAPL removal is feasible, it is desirable to 
remove product and decrease the time required for complete remediation of the site. However, at 
many sites mobile LNAPL removal is not feasible with available technology. In fact, the quantity 
of LNAPL recovered by commonly used recovery techniques is a trivial fraction of the total 
LNAPL available to contaminate groundwater. Frequently less than 10% of the total LNAPL 
mass in a spill can be recovered by mobile LNAPL recovery (Battelle, 1995). At 10 Air Force 
sites with LNAPL that were evaluated following a draft version of the intrinsic remediation 
protocol, historical data on groundwater quality are available. The concentration, and total mass, 
of contaminants in groundwater declined over time at these sites even though mobile LNAPL 
removal was not successful. 

Advantages of intrinsic remediation over conventional engineered remediation technologies 
include: 1) during intrinsic remediation, contaminants are ultimately transformed to innocuous 
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byproducts (e.g., ‘carbon dioxide and water), not just transferred to another phase or location 
within the environment; 2) intrinsic remediation is nonintrusive and allows continuing use of 
infrastructure during remediation; 3) engineered remedial technologies can pose greater risk to 
potential receptors than intrinsic remediation because contaminants may be transferred into the 
atmosphere during remediation activities; 4) intrinsic remediation is less costly than currently 
available remedial technologies such as pump and treat; 5 )  intrinsic remediation is not subject to 
limitations imposed by the use of mechanized remediation equipment (e.g., no equipment 
downtime); and 6)  those fuel compounds that are the most mobile and toxic are generally the 
most susceptible to biodegradation. 

Limitations of intrinsic remediation include: 1) intrinsic remediation is subject to natural and 
institutionally induced changes in local hydrogeologic conditions, including changes in 
groundwater gradients/velocity, pH, electron acceptor concentrations, or potential future releases; 
2) aquifer heterogeneity may complicate site characterization, as it will with any remedial 
technology; and 3) time frames for completion may be relatively long. 

This document describes those processes that bring about intrinsic remediation, the site 
characterization activities that may be performed to support the intrinsic remediation option, 
intrinsic remediation modeling using analytical or numerical solute fate and transport models, and 
the post-modeling activities that should be completed to ensure successful support and 
verification of intrinsic remediation. The objective of the work described herein is to support 
intrinsic remediation at sites where naturally occurring subsurface attenuation processes are 
capable of reducing dissolved fuel hydrocarbon concentrations to acceptable levels. A recent 
comment made by a member of the regulatory community summarizes what is required to 
successfully implement intrinsic remediation: 

A regulator looks for  the data necessary to determine that a 
proposed treatment technology, if properly instulled and operated, 
will reduce the containinant concentrations in the soil and water to 
legally nzundated limits. I n  this sense the use of biological 
treatment systeins culls for  the same level of investigation, 
demonstration of effectiveness, and monitoring as any 
conventional [remediation] system (National Research Council, 
1993). 
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To support implementation of intrinsic remediation, the property owner must scientifically 
demonstrate that degradation of site contaminants is occurring at rates sufficient to be protective 
of human health and the environment. Three lines of evidence can be used to support intrinsic 
remediation including: 

1) Documented loss of contaminants at the field scale, 

2) Contaminant and geochemical analytical data, and 

3) Direct microbiological evidence. 

The first line of evidence involves using statistically significant historical trends in contaminant 
concentration or measured concentrations of biologically recalcitrant tracers found in fuels in 
conjunction with aquifer hydrogeologic parameters such as seepage velocity and dilution to show 
that a reduction in the total mass of contaminants is occurring at the site. The second line of 
evidence involves the use of chemical analytical data in mass balance calculations to show that 
decreases in contaminant and electron acceptor concentrations can be directly correlated to 
increases in metabolic byproduct concentrations. This evidence can be used to show that electron 
acceptor concentrations in groundwater are sufficient to facilitate degradation of dissolved 
contaminants. Solute fate and transport models can be used to aid mass balance calculations and 
to collate information on degradation. The third line of evidence, direct microbiological evidence, 
can be used to show that indigenous biota are capable of degrading site contaminants. 

This document presents a technical course of action that allows converging lines of evidence to 
be used to scientifically document the occurrence, and to quantify rates, of intrinsic remediation. 
Ideally, the first two lines of evidence listed above should be used in the intrinsic remediation 
demonstration. To further document intrinsic remediation, direct microbiological evidence can be 
used. Such a “weight-of-evidence” approach will greatly increase the likelihood of successfully 
implementing intrinsic remediation at sites where natural processes are restoring the 
environmental quality of groundwater contaminated with fuel hydrocarbons. 

Collection of an adequate database during the iterative site characterization process is an 
important step in the documentation of intrinsic remediation. Site characterization should provide 
data on the location and extent of contaminant sources. Contaminant sources generally consist of 
nonaqueous-phase liquid (NAPL) hydrocarbons present as mobile NAPL (NAPL occurring at 
sufficiently high saturations to drain under the influence of gravity into a well) and residual NAPL 
(NAPL occurring at immobile residual saturations that are unable to drain into a well by gravity). 
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Site characterization also should provide information on the location, extent, and concentrations 
of dissolved contamination; groundwater geochemical data; geologic information on the type and 
distribution of subsurface materials; and hydrogeologic parameters such as hydraulic conductivity, 
hydraulic gradients, and potential contaminant migration pathways to human or ecological 
receptors. Methodologies for determining these parameters are discussed in Appendix A. 

Intrinsic remediation results from the integration of several subsurface attenuation mechanisms 
that are classified as either destructive or nondestructive. Biodegradation is the most important 

Idestructive attenuation mechanism. Nondestructive attenuation mechanisms include sorption, 
dispersion, dilution from recharge, and volatilization. Appendix B discusses both destructive and 
nondestructive processes. 

The data collected during site characterization can be used to simulate the fate and transport of 
contaminants in the subsurface. Such simulation allows prediction of the future extent and 
concentration of the dissolved plume. Several models can be used to simulate dissolved 
contaminant transport and attenuation. The intrinsic remediation modeling effort has three 
primary objectives: 1) to predict the future extent and concentrations of a dissolved contaminant 
plume by simulating the combined effects of advection, dispersion, sorption, and biodegradation; 
2) to assess the potential for downgradient receptors to be exposed to contaminant concentrations 
that exceed regulatory levels intended to be protective of human health and the environment; and 
3) to provide technical support for the intrinsic remediation option at post-modeling regulatory 
negotiations. Appendix C discusses data interpretation and pre-modeling calculations. The use of 
solute fate and transport models is discussed.in Appendix D. 

Upon completion of the fate and transport modeling effort, model predictions can be used in an 
exposure pathways analysis. If intrinsic remediation is sufficiently active to mitigate risks to 
potential receptors, the proponent of intrinsic remediation has a reasonable basis 'for negotiating 
this option with regulators. The exposure pathways analysis allows the proponent to show that 
potential exposure pathways to receptors will not be completed. 

Intrinsic remediation is achieved when naturally occurring attenuation mechanisms, such as 
biodegradation (aerobic and anaerobic), bring about a reduction in the total mass of a contaminant 
dissolved in groundwater. In most cases, intrinsic remediation will reduce dissolved contaminant 
concentrations to below regulatory standards such as maximum contaminant levels (MCLs) 
before the contaminant plume reaches potential receptors. To date (September 1995), this 
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protocol has been fully or partially implemented at 40 Air Force sites at Hill Air Force Base 
(AFB), UT; Eglin AFB, FL; Patrick AFB, FL; Dover AFB, DE; Plattsburgh AFB, NY; Elmendorf 
AFB (two sites), AK; Bolling AFB, D.C.; Madison Air National Guard Base (ANGB), WI; Battle 
Creek ANGB, MI; King Salmon AFB (two sites), AK; Eaker AFB, AR, Wurtsmith AFB (four 
sites), MI; Beale AFB, CA; Pope AFB, NC; Fairchild AFB (two sites), WA; Griffis AFB, NY; 
Langley AFB, VA; MacDill AFB (three sites), FL,; Myrtle Beach AFB (two sites), SC; Offutt 
AFB (two sites), NE; Rickenbacker AFB, OH; Seymour Johnson AFB, NC; Travis AFB, CA; 
Westover AFRB (two sites), MA; Grissom AFB, IN; Tyndall AFB, FL; Carswell AFB, TX; 
Ellsworth AFB, SD; and Kessler AFB, MS. In 28 out of 30 Air Force sites that have been fully 
evaluated using this protocol (Parsons ES, 1994a through 1994d; Parsons ES 1995a through 
1995q; Wiedemeier et al., 1995c), intrinsic remediation is expected to reduce concentrations of 
contaminants to levels below regulatory standards prior to reaching potential receptors, and only 
two of the 30 plumes have crossed or are projected to cross Air Force boundaries. At the 20 sites 
where historical data are available, contaminant concentrations and mass have declined over time. 

The material presented herein was prepared through the joint effort of the AFCEE Technology 
Transfer Division; the Bioremediation Research Team at USEPA’s National Risk Management 
Research Laboratory in Ada, Oklahoma (NRMRL), Subsurface Protection and Remediation 
Division; and Parsons Engineering Science, Inc. (Parsons ES) to facilitate implementation of 
intrinsic remediation at fuel-hydrocarbon-contaminated sites owned by the United States Air 
Force and other United States Department of Defense agencies, the United States Department of 
Energy, and public interests. This document contains three sections, including this introduction, 
and six appendices. Section 2 presents the protocol to be used to obtain scientific data to support 
the intrinsic remediation option. Section 3 presents the references used in preparing this 
document. Appendix A describes the collection of site characterization data necessary to support 
intrinsic remediation, and provides soil and groundwater sampling procedures and analytical 
protocols. Appendix B provides an in-depth discussion of the destructive and nondestructive 
mechanisms of intrinsic remediation. Appendix C covers data interpretation and pre-modeling 
calculations. Appendix D describes solute fate and transport modeling in support of intrinsic 
remediation. Appendix D also describes the post-modeling monitoring and verification process. 
Appendices E and F present case studies of site investigations and modeling efforts that were 
conducted in support of intrinsic remediation using the methods described in this document. 
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SECTION 2 

PROTOCOL FOR IMPLEMENTING INTRINSIC REMEDIATION 

The primary objective of the intrinsic remediation investigation is to show that natural 
processes of contaminant degradation will reduce contaminant concentrations in groundwater to 
below regulatory standards before potential receptor exposure pathways are completed. Further, 
intrinsic remediation should be evaluated to determine if it can meet all appropriate federal and 
state remediation objectives for a given site. This requires that a projection of the potential extent 
and concentration of the contaminant plume in time and space be made. This projection should be 
based on historic variations in, and the current extent and concentrations of, the contaminant 
plume, as well as the measured rates of contaminant attenuation. Because of the inherent 
uncertainty associated with such predictions, it is the responsibility of the proponent of intrinsic 
remediation to provide sufficient evidence to demonstrate that the mechanisms of intrinsic 
remediation will reduce contaminant concentrations to acceptable levels before potential receptors 
are, reached. This requires the use of conservative input parameters and numerous sensitivity 
analyses so that consideration is given to all plausible contaminant migration scenarios. When 
possible, both historical data and modeling should be used to provide information that collectively 
and consistently supports the natural reduction and removal of the dissolved contaminant plume. 

\ 

This section describes the steps that should be taken to gather the site-specific data necessary 
to predict the future extent of a contaminant plume and to successfully support the intrinsic 
remediation option. The flow chart presented in Figure 2.1 presents the information that must be 
developed and the important regulatory decision points in the process of implementing intrinsic 
remediation. 

Predicting the future extent of a contaminant plume requires the quantification of groundwater 
flow and solute transport and transformation processes, including rates of natural attenuation. 
Quantification of contaminant migration and attenuation rates, and successful implementation 

2- 1 



' Revision 0 
03/08/99 

Perform Site Characterization 
to Support Remedy Decision Making 

Intrinsic Remediation 
&YES 

Perform Site Characterization 
to Support Intrinsic Remediation 

Refine Conceptual Model and 
Complete Pre-Modeling 

Calculations 

Simulate Intrinsic Remediation 
Using Solute Fate and 

Transport Models 

Use Results of Modeling and 
Site-Specific Information in 

an Exposure 
Pathways Analysis 

b JI 
Assess Potential For 
Intrinsic Remediation 

With Remediation 
System Installed 

I 

I Refine Conceptual Model and 
Complete Pre-Modeling I Calculations 

dt 
Simulate Intrinsic Remediation 

Combined with Remedial 
Option Selected Above 

Using Solute Transport Models 

Use Results of Modeling and 
SiteSpecific Information in 
an Exposure Assessment 

Y 
YES YES 

Develop Draft Plan for 
Point-Of-Compliance 
Monitoring Wells and 
Long-Term Monitoring 

I I 

Remediation Strategy 

Figure 2.1 

Intrinsic Remediation 
Flow Chart 

2-2 



Revision 0 
03/08/99 

of the intrinsic remediation option, require completion of the following steps, each of which is 
outlined in Figure 2.1 and discussed in the following sections: 

Review available site data; 

Develop preliminary conceptual model and assess potential for intrinsic remediation; 

If intrinsic remediation is selected as potentially appropriate, perform site 
characterization in support of intrinsic remediation; 

Refine conceptual model based on site characterization data, complete pre-modeling 
calculations, and document indicators of intrinsic remediation; 

Simulate intrinsic remediation using analytical or numerical solute fate and transport 
models that allow incorporation of a biodegradation term, as necessary; 

Conduct an exposure pathways analysis; 

If intrinsic remediation alone is acceptable, prepare LTM plan; and 

Present findings to regulatory agencies and obtain approval for the intrinsic 
remediation with LTM option. 1 

2.1 REVIEW AVAILABLE SITE DATA 

The first step in the intrinsic remediation investigation is to review available site-specific data 
to determine if intrinsic remediation is a viable remedial option. A thorough review of these data 
also allows development of a preliminary conceptual model. The preliminary conceptual model 
will help identify any shortcomings in the data and will allow placement of additional data 
collection points in the most scientifically advantageous and cost-effective manner possible. 

When available, information to be obtained during data review includes: 

Nature, extent, and magnitude of contamination: 

- Nature and history of the contaminant release: 
--Catastrophic or gradual release of LNAPL ? 
--More than one source area possible or present ? 
--Divergent or coalescing plumes ? 

- Three-dimensional distribution of mobile and residual LNAPL and dissolved 
contaminants. The distribution of mobile and residual LNAPL will be used to define the 
dissolved plume source area. 

- Groundwater and soil chemical data. 

- Historical water quality data showing variations in contaminant concentrations through 
time. 
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- Chemical and physical characteristics of the contaminants. 

- Potential for biodegradation of the contaminants. 

Geologic and hydrogeologic data (in three dimensions, if feasible): 

- Lithology and stratigraphic relationships. 

- Grain-size distribution (sand vs. silt vs. clay). 

- Aquifer hydraulic conductivity. 

- Groundwater flow gradients and potentiometric or water table surface maps (over 
several seasons, if possible). 

- Preferential flow paths. 

- Interactions between groundwater and surface water and rates of infiltrationirecharge. 

Locations of potential receptors: 

- Groundwater wells. 

- Downgradient and crossgradient groundwater discharge points. 

In some cases, few or no site-specific data are available. If this is the case, and if it can be 
shown that intrinsic remediation is a potential remedial option (Section 2.2), all future site 
characterization activities should include collecting the data necessary to support this remedial 
alternative. The additional costs incurred by such an investigation are greatly outweighed by the 
cost savings that will be realized if intrinsic remediation is selected. Even if not selected, most of 
the data collected in support of intrinsic remediation can be used to design and support other 
remedial measures. 

2.2 DEVELOP PRELIMINARY CONCEPTUAL MODEL AND ASSESS POTENTIAL 
FOR INTRINSIC REMEDIATION 

After reviewing existing site characterization data, a conceptual model should be developed, 
and a preliminary assessment of the potential for intrinsic remediation should be made. The 
conceptual model is a three-dimensional representation of the groundwater flow and solute 
transport system based on available geological, biological, geochemical, hydrological, 
climatological, and analytical data for the site. This type of conceptual model differs from the 
conceptual site models commonly used by risk assessors that qualitatively consider the location of 
contaminant sources, release mechanisms, transport pathways, exposure points, 
However, the groundwater system conceptual model facilitates identification 
assessment elements for the exposure pathways analysis. After development, 

and receptors. 
of these risk- 
the conceptual 
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model can be used to help determine optimal placement of additional data collection points as 
necessary to aid in the intrinsic remediation investigation and to develop the solute fate and 
transport model. Contracting and management controls must be flexible enough to allow for the 
potential for revisions to the conceptual model and thus the data collection effort. 

Successful conceptual model development involves: 

0 Definition of the problem to be solved (generally the unknown nature and extent of 
existing and future contamination). 

Integration and presentation of available data, including: 

- Local geologic and topographic maps, 

- Geologic data, 

- Hydraulic data, 

- Biological data, 

- Geochemical data. and 

- Contaminant concentration and distribution data. 

Determination of additional data requirements, including: 
- Borehole locations and monitoring well spacing, 
- An approved sampling and analysis plan, and 

- Any data requirements listed in Section 2.1 that have not been adequately 
addressed. 

After conceptual model development, an assessment of the potential for intrinsic remediation 
must be made. As stated previously, existing data can be useful in determining if intrinsic 
remediation will be sufficient to prevent a dissolved contaminant plume from completing exposure 
pathways, or from reaching a predetermined point of compliance (POC), in concentrations above 
applicable regulatory standards. Determining the likelihood of exposure pathway completion is an 
important component of the intrinsic remediation investigation. This is achieved by estimating the 
migration and future extent of the plume based on contaminant properties, including 
biodegradability, aquifer properties, groundwater velocity, and the location of the plume and 
contaminant source relative to potential receptors (i.e., the distance between the leading edge of 
the plume and the potential receptors). Appendix B discusses the biodegradability of BTEX 
under laboratory conditions and in the field. 
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If intrinsic remediation is determined to be a significant factor in contaminant reduction, site 
characterization activities in support of this remedial option should be performed. If exposure 
pathways have already been completed and contaminant concentrations exceed regulatory levels, 
or if such completion is likely, other remedial measures should be considered. Even so, the 
collection of data in support of the intrinsic remediation option can be integrated into a 
comprehensive remedial plan and may help reduce the cost and duration of other remedial 
measures such as intensive source removal operations or pump-and-treat technologies. 

2.3 PERFORM SITE CHARACTERIZATION IN SUPPORT OF INTRINSIC 
REMEDIATION 

Detailed site characterization is necessary to document the potential for intrinsic remediation. 
As discussed in Section 2.1, review of existing site characterization data is particularly useful 
before initiating site characterization activities. Such review should allow identification of data 
gaps and guide the most effective placement of additional data collection points. 

There are two goals during the site characterization phase of the intrinsic remediation 
investigation. The first is to collect the data needed determine if natural mechanisms of 
contaminant attenuation are occurring at rates sufficient to protect human health and the 
environment. The second is to provide sufficient site-specific data to allow prediction of the 
future extent and concentration of a contaminant plume through solute fate and transport 
modeling. Because the burden of proof for intrinsic remediation is on the proponent, very 
detailed site characterization is required to achieve these goals and to support this remedial 
option. Adequate site characterization in support of intrinsic remediation requires that the 
following site-specific parameters be determined: 

Extent and type of soil and groundwater contamination. 

Location and extent of contaminant source area(s) (i.e., areas containing mobile or 
residual NAPL). 

The potential for a continuing source due to leaking tanks or pipelines. 

Aquifer geochemical parameters. 

Regional hydrogeology, including: 
- Drinking water aquifers, and 
- Regional confining units. 

2-6 



Revision 0 
03/08/99 

Local and site-specific hydrogeology, including: 

- Local drinking water aquifers. 

- Location of industrial, agricultural, and domestic water wells. 

- Patterns of aquifer use (current and future). 

- Lithology. 

- Site stratigraphy, including identification of transmissive and nontransmissive units. 

- Grain-size distribution (sand vs. silt vs. clay). 

- Aquifer hydraulic conductivity. 

- Groundwater hydraulic information. 

- Preferential flow paths. 

- Locations and types of surface water bodies. 

- Areas of local groundwater recharge and discharge. 

Identification of potential exposure pathways and receptors. 

The following sections describe the methodologies that should be implemented to allow 
successful site characterization in support of intrinsic remediation. 

2.3.1 Soil Characterization 

In order to adequately define the subsurface hydrogeologic system and to determine the 
amount and three-dimensional distribution of mobile and residual NAPL that can act as a 
continuing source of groundwater contamination, extensive soil characterization must be 
completed. Depending on the status of the site, this work may already have been completed 
during previous remedial investigation work. The results of soils characterization will be used as 
input into a solute fate and transport model to help define a contaminant source term and to 
support the intrinsic remediation investigation. 

2.3.1.1 Soil Sampling 

The purpose of soil sampling is to determine the subsurface distribution of hydrostratigraphic 
units and the distribution of mobile and residual NAPL. These objectives can be achieved through 
the use of conventional soil borings or direct-push methods (e.g., GeoprobeO or cone 
penetrometer testing). All soil samples should be collected, described, analyzed, and disposed of 
in accordance with local, state, and federal guidance. Appendix A contains suggested procedures 
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for soil sample collection. These procedures may require modification to comply with local, state, 
and federal regulations. 

2.3.1.2 Soil Analytical Protocol 

The analytical protocol to be used for soil sample analysis is presented in Table 2.1. This 
analytical protocol includes all of the parameters necessary to document intrinsic remediation of 
fuel hydrocarbons, including the effects of sorption and biodegradation (aerobic and anaerobic) of 
fuel hydrocarbons. Each analyte is discussed separately below. 

2.3.1.2.1 Total Volatile and Extractable Hydrocarbons 

Knowledge of the location, distribution, concentration, and total mass of TPH sorbed to soils 
or present as mobile NAPL is required to calculate contaminant partitioning from these phases 
into groundwater. The presence or absence of TPH also is used to define the edge of the NAPL 
plume. One of the greatest areas of uncertainty remaining in the conventional remedial 
investigation process is delineation of NAPL in the subsurface. Knowledge of the location of the 
leading edge of the NAPL plume is important in proper model implementation because it defines 
the extent of the contaminant source area. 

2.3.1.2.2 Aromatic Hydrocarbons 

Knowledge of the location, distribution, concentration, and total mass of fuel-derived 
hydrocarbons of regulatory concern (especially BTEX) sorbed to soils or present as mobile NAPL 
is required to calculate contaminant partitioning from mobile and residual NAPL into 
groundwater. 

2.3.1.2.3 Total Organic Carbon 

Knowledge of the total organic carbon (TOC) content of the aquifer matrix is important in 
TOC samples should be collected from a sorption and solute-reta~dation calculations. 

background location in the zone(s) where most contaminant transport is expected to occur. 
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Analysis 
Total volatile and 
extractable 
hydrocarbons, 

Table 2.1 Soil and Groundwater Analytical Protocol* 

MethodlReference 
Gas chromatography 
(GC) method SW8015 
[modified] 

Matrix 
Soil 

Soil 

Soil 

Soil 

~ 

Comments Data Use 
Handbook method; 
reference is the 
California LUlT contamination, the 
manual contaminant mass present, 

Data are used to determine 
the extent of soil 

and the need for source 
removal 
Data is used to determine 
the extent of soil 

Handbook method 
modified for field 
extraction of soil contamination, the 
using methanol contaminant mass present, 

and the need for source 
removal 

Procedure must be 
accurate over the 
range of 0.5- 
15 percent TOC 

Handbook method 

The rate of migration of 
petroleum contaminants in 
groundwater is dependent 
upon the amount of TOC in 
the aquifer matrix. 
Data are used to correct 
soil sample analytical 
results for moisture content 
(e.&., report results on a dry 
weight basis) 

~~ 

Recommended 
Frequency of 

Analysis 
Each soil 
sampling round 

Each soil 
sampling round 

At initial 
sampling 

Each soil 
sampling round 

Aromatic 
hydrocarbons 

SW9060 modified for 
soil samples 

Purge and trap GC 
method SW8020 

+ Moisture ASTM D-22 I6 

Sample Container, Fixed-Base 

a glass container with 
Teflon-lined cap; cool 
to 4OC 

Collect 100 g of soil in 
a glass container with 
Teflon-lined cap; cool 
to 4°C 

Collect 100 g of soil in 
a glass container with 
Teflon-lined cap; cool 
to 4°C 

Fixed-base 

Fixed-base 

Use a portion of soil 
sample collected for 
another analysis 

Fixed-base 

I 
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Table 2.1. (Continued) 
~ _ _ _ _ _  

Matrix 
Water 

Water 

Water 

Analysis 
Total 
hydrocarbons. 
volatile and 
extractable 

Aromatic 
hydrocarbons 
(BTEX, 
trimethylben7~ne 
isomers) 

Polycyclic 
aromat i c 
hydrocarbons 
(PAHs) 
(optional) 

MethMReference 
GC method SW8015 
[modified] 

Purge and trap GC 
method SW8020 

GC/mass spectroscopy 
method SW8270: 
high-performance 
liquid chromatography 
method SW83 IO 

Comments 
Handbook method; 
reference is the 
California LUFT 
manual 

Handbook method; 
analysis may be 
extended to higher 
molecular weight 
alkyl benzenes 

Analysis needed 
only when required 
for regulatory 
compl i ance. 

Data Use 
Data used to monitor the 
reduction in concentrations 
of total fuel hydrocarbons 
(in addition to BTEX) due 
to natural attenuation; data 
also used to infer presence 
of an emulsion or surface 
layer of petroleum in water 
sample, as a result of 
sampling 
Method of analysis for 
BTEX, which are the 
primary target analytes for 
monitoring natural 
attenuation; BTEX 
concentrations must also be 
measured for regulatory 
compliance; method can be 
extended to higher 
molecular weight alkyl 
benzenes; trimethylben- 
zenes are used to monitor. 
plume dilution if 
degradation is primarily 
anaerobic. 
PAHs are components of 
fuel and are typically 
analyzed for regulatory 
compliance; data on their 
concentrations are not used 
currently in the evaluation 
of natural attenuation 

Recommended 
Frequency of 

Analysis 
One time per 
year or as 
required by 
regulations 

Each sampling 
round 

As required by 
regulations 

Sample Volume, 
Sample Container, ' 

Sample Preservation 
Volatile hydrocarbons- 
collect water samples 
in a 40 mL VOA vial; 
cool to 4°C; add HCI to 
PH 2 
Extractable 
hydrocarbons-collect 
I L of water in a glass 
container; cool to 4°C; 
add HCI to pH 2 
Collect water samples 
in a 40 mL VOA vial; 
cool to 4°C; add 
hydrochloric acid to 
PH 2 

Collect I L of water in 
3 glass contajner; cool 
to 4°C 

Field or 
Fixed-Base 
Laboratory 
Fixed-base 

Fixed-base 

Fixed-base 
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Table 2.1. (Continued) 

Recommended 
Frequency of 

Analysis 
Each sampling 
round 

Sample Volume, 
Sample Container, 
Sample Preservation 
Measure dissolved 
oxygen on site using a 
flow-through cell 

Field or 
Fixed-Base 
Laboratory 
;ield 

Comments 
Refer to 
method A4500 
Tor a comparable 
laboratory 
Drocedure. 

MethdReference 
Dissolved oxygen meter 

Data Use 
The oxygen concentration 
is a data input to the 
Bioplume model; 
concentrations less than 
I mg/L generally indicate 
an anaerobic pathway 
Substrate for microbial 
respiration if oxygen is 
depleted 

Matrix 
Water 

Analysis 
Oxygen 

Water Nitrate Each sampling 
round 

:ixed-base Method E300 is a 
Handbook method. 

Collect up to 40 mL of 
water in a glass or 
plastic container; add 
H~SOJ to pH less than 
2, cool to 4OC 
Collect 100 mL of 
water in a glass 
container 

IC method E300 

Water Iron (11) (Fe'?) Colorimetric 
HACH Method ## 8146 

Filter i f  turbid Each sampling 
round 

Field May indicate an anaerobic 
degradation process due to 
depletion of oxygen. 
nitrate, and manganese 
Substrate for anaerobic 
microbial respiration 

Water Each sampling 
round 

Collect up to 40 mL of 
water in a glass or 
plastic container; cool 
to 4°C 

Fixed-base IC method E300 Method E300 is a 
Handbook method, 
if this method is 
used for sulfate 
analysis, do not use 
the field method, 

Same as above Each sampling 
round 

Sulfate (SO;?) HACH method # 805 I Colorimetric, if this 
method is used for 
sulfate analysis, do 
not use the fixed- 
base laboratory 
method. 
Method published 
by researchers at 
the US 
Environmental 
Protection Agency. 

Water 

Water 

Collect up to 40 mL of 
water in a glass or 
plastic container; cool 
to 4°C 

Field 

Fixed-base Methane. ethane. 
and ethene 

Kampbell et a / . .  1989 The presence of CHI 
suggests BTEX 
degradation via 
methanogenesis. Ethane 
and ethene data are used 
where chlorinated solvents 
are suspected of 
undergoing biological 
transformation. 

Each sampling 
round 

Collect water samples 
in 50 mL glass serum 
bottles with butyl 
grayneflon-lined caps; 
add HlS04 to pH less 
than 2, cool to 4°C 
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Table 2.1. (Continued) 

Matrix 
Water 

Water 

Water 

Water 

Water 

Analysis 
Alkalinity 

Oxidation- 
reduction 
potential 

PH 

Temperature 

Conductivity 

MethdReference I Comments 
HACH Alkalinity test I Phenolphtalein 

A2580B 

Field probe with direct 
reading meter. 

Field probe with direct 
reading meter. 
El20.llSW9050, direct 
reading meter 

Measurements 
made with 
electrodes; results 
are displayed on a 
meter; protect 
samples from 
exposure to oxygen. 
Report results 
against a 
silver/silver 
chloride reference 
electrode 
Field 

Field only 

Protocol s/Handbook 
methods 

I 

Data Use 
General water quality 
parameter used ( I )  as a 
marker to verify that all 
site samples are obtained 
from the same groundwater 
system and (2) to measure 
the buffering capacity of 
groundwater 
The redox potential of 
groundwater influences and 
is influenced by the nature 
of the biologically 
mediated degradation of 
contaminants; the redox 
potential of groundwater 
may range from more than 
800 mV to less 
than -400 mV. 

Aerobic and anaerobic 
processes are pH-sensitive 

Well development 

General water quality 
parameter used as a marker 
to verify that site samples 
are obtained from the same 
poundwater system 

Recommended 
Frequency of 

Analysis 
Each sampling 
round 

Each sampling 
round 

Each sampling 
round 

Each sampling 
round 
Each sampling 
round 

Sample Volume, 
Sample Container, 
Sample Preservation 
Collect 100 mL of 
water in glass container 

Collect 100-250 mL of 
water i n  a glass 
container, fi 1 I i ng 
container from bottom; 
analyze immediately 

Collect 100-250 mL of 
water i n  a glass or 
plastic container; 
analyze immediately 
Not Applicable 

Collect 100-250 mL of 
water in a glass or 
plastic container 

Field or 
Fixed-Base 
Laboratory 
Field 

Field 

Field 

Field 

Field 
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I Recommended 
Frequency of 

Analysis 
Each sampling 
round 

Matrix 
Water c Water 

Sample Volume, 
Sample Container, 
Sample Preservation 
Collect 250 mL of 
water i n  a glass 
container 

Table 2.1. (Concluded) 

titration A4500-CI‘ C 

Chloride HACH Chloride test kit  
(optional, see model 8-P I data use) 

Comments 
Ion chromatography 
(IC) method E300 
or method SW9050 
may also be used 

Silver nitrate 
titration 

Data Use 
General water quality 
parameter used as a marker 
to verify that site samples 
are obtained from the same 
groundwater system 
As above, and to guide 
selection of additional data 
points in real time while in 

I I I ;he field. 

NOTES: 
* 
1 .  

Analyses other than those listed in this table may be required for regulatory compliance. 
“HACW’ refers to the Hach Company catalog, 1990. 

round in a glass container 

I 
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2. 

3. 
4. 
5. 

6. 
7. 
8. 

“A’  refers to Staridard Methods for  the Exariiiriatiori of Water arid Wastewater, 18th edition, 1992. 
“E” refers to Methods for  Cheriiical Arialysis of Water arid Wastes, USEPA, 1983. 
“Protocols” refers to the AFCEE Eriviroririierital Cliernistry Firrictiori Iristallatiori Restoratiori Prograrii Arialytical Protocols, 1 I June 1992. 
“Handbook” refers to the AFCEE Haridbook to Support the Iristallatiori Restomtiori Prograrii (IRP) Rerriedial Irivestigatioris arid Feasibility Studies 
(RI/FS), September 1993. 

“SW’ refers to the Test Methods for  Evaliiatirig Solid Waste, Physical. arid Cheriiical Methods, SW-846, USEPA, 3rd edition, 1986. 
“ASTM’ refers to the Arriericari Society for  Testing arid Materials. 
“LUFT” refers to the State of California Leaking Undergrourid Fidel Tank Field Mariiial, 1988 edition. 
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2.3.2 Groundwater Characterization 

To adequately determine the amount and three-dimensional distribution of dissolved 
contamination and to document the occurrence of intrinsic remediation, groundwater samples 
must be collected and analyzed. Biodegradation of fuel hydrocarbons brings about measurable 
changes in the chemistry of groundwater in the affected area. By measuring these changes, the 
proponent of intrinsic remediation can document and quantitatively evaluate the importance of 
intrinsic remediation at a site. 

2.3.2.1 Groundwater Sampling 

Groundwater sampling is conducted to determine the concentration and three-dimensional 
distribution of contaminants and groundwater geochemical parameters. Groundwater samples 
may be obtained from monitoring wells or point-source sampling devices such as a Geoprobe@, 
Hydropunch@, or cone penetrometer. All groundwater samples should be collected in accordance 
with local, state, and federal guidelines. Appendix A contains suggested procedures for 
groundwater sample collection. These procedures may have to be modified to comply with local, 
state, and federal regulations. 

2.3.2.2 Groundwater Analytical Protocol 

The analytical protocol to be used for groundwater sample analysis is presented in Table 2.1. 
This analytical protocol includes all of the parameters necessary to document intrinsic remediation 
of fuel hydrocarbons, including the effects of sorption and aerobic and anaerobic biodegradation. 
Data obtained from the analysis of groundwater for these analytes is used to scientifically 
document intrinsic remediation of fuel hydrocarbons and can be used as input into a solute fate 
and transport model. The following paragraphs describe each groundwater analytical parameter 
and the use of each analyte in the intrinsic remediation demonstration. 

2.3.2.2. I Total Volatile aiid Extractable Hydrocarbons, Aromatic Hydrocarbons, and Polycyclic 
A roniutic Hydrocarbons 

These analytes are used to determine the type, concentration, and distribution of fuel 
hydrocarbons in the aquifer. Of the compounds present in most gasolines and jet fuels, the BTEX 
compounds generally represent the contaminants of regulatory interest. For this reason, these 
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compounds are generally of significant interest in the fate and transport analysis, as described 
below and in the appendices. At a minimum, the aromatic hydrocarbon analysis (Method 
SW8020) must include BTEX and the trimethylbenzene isomers. The combined dissolved 
concentrations of BTEX and trimethylbenzenes should not be greater than about 30 milligrams 
per liter (mg/L) for a JP-4 spill (Smith et al., 1981). If these compounds are found in 
concentrations greater than 30 mg/L, sampling errors such as emulsification of LNAPL in the 
groundwater sample likely have occurred and should be investigated. The combined dissolved 
concentrations of BTEX and trimethylbenzenes should not be greater than about 135 mg/L for a 
gasoline spill (Cline et al., 1991; American Petroleum Institute, 1985). If these compounds are 
found in concentrations greater than 135 mg/L, then sampling errors such as emulsification of 
LNAPL in the groundwater sample have likely occurred and should be investigated. 

Polycyclic aromatic hydrocarbons (PAHs) are constituents of fuel that also may be of concern. 
PAHs should be analyzed only if required for regulatory compliance. 

2.3.2.2.2 Dissolved Oxygen 

Dissolved oxygen is the most thermodynamically favored electron acceptor used in the 
biodegradation of fuel hydrocarbons. Dissolved oxygen concentrations are used to estimate the 
mass of contaminant that can be biodegraded by aerobic processes. Each 1.0 mg/L of dissolved 
oxygen consumed by microbes will destroy approximately 0.32 mg/L of BTEX. During aerobic 
biodegradation, dissolved oxygen concentrations decrease. Anaerobic bacteria (obligate 
anaerobes) generally cannot function at dissolved oxygen concentrations greater than about 
0.5 mg/L. The stoichiometry of BTEX biodegradation via aerobic respiration is given in 
Appendix B. 

, 

Dissolved oxygen measurements should be taken during well purging and immediately before 
and after sample acquisition using a direct-reading meter. Because most well purging techniques 
can allow aeration of collected groundwater samples, it is important to minimize potential aeration 
by taking the following precautions: 

1) Use a peristaltic pump to purge the well when possible (depth to groundwater 
less than approximately 25 feet). To prevent downhole aeration of the sample 
in wells screened across the water table, well drawdown should not exceed 
about 5 percent of the height of the standing column of water in the well. The 
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pump tubing should be immersed alongside the dissolved oxygen probe beneath 
the water level in the sampling container (Figure 2.2). This will minimize 

aeration and keep water flowing past the dissolved oxygen probe’s sampling 
membrane. If bubbles are observed in the tubing during purging, the flow rate 
->f the peristaltic pump must be slowed. If bubbles are still apparent, the tubing 
;hould be checked for holes and replaced. 

Tubing from 
or Bailer 

Erlenmeyer Flask 
or Flow-Through Cell . 

Figure 2.2 

Diagram Showing the Suggested 
Procedure for Dissolved Oxygen 

and Oxidation-Reduction 
Potential Sampling 

2) When using a bailer, the bailer should be slowly immersed in the standing 
column of water in the well to minimize aeration. After sample collection, the 
water should be drained from the bottom of the bailer through tubing into the 
sampling container. The tubing used for this operation should be immersed 
alongside the dissolved oxygen probe beneath the water level in the sampling 
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container (Figure 2.2). This will minimize aeration and keep water flowing past 
the dissolved oxygen probe’s sampling membrane. 

3) Downhole dissolved oxygen probes can be used for dissolved oxygen analyses, 
but such probes must be thoroughly decontaminated between wells. In some 
cases decontamination procedures can be harmful to the dissolved oxygen 
probe. 

2.3.2.2.3 Nitrate 

After dissolved oxygen has been depleted in the microbiological treatment zone, nitrate may be 
used as an electron acceptor for anaerobic biodegradation via denitrification. Nitrate 
concentrations are used to estimate the mass of contaminant that can be biodegraded by 
denitrification processes. By knowing the volume of contaminated groundwater, the background 
nitrate concentration, and the concentra itrate measured in the contaminated area, it is 
possible to estimate the mass of BTEX iodegradation. Each 1 .O mg/L of ionic nitrate 
consumed by microbes results in the destruction of approximately 0.21 mg/L of BTEX. The 
stoichiometry of BTEX biodegradation via denitrification is given in Appendix B. Example 
calculations are presented in Appendix C. Nitrate concentrations will be a direct input parameter 
to the Bioplume 111 model currently under development by AFCEE. 

2.3.2.2.4 Iron (11) 

In some cases iron (111) is used as an electron acceptor during anaerobic biodegradation of 
petroleum hydrocarbons. During this process, iron (111) is reduced to iron (II), which may be 
soluble in water. Iron (11) concentrations can thus be used as an indicator of anaerobic 
degradation of fuel compounds. By knowing the volume of contaminated groundwater, the 
background iron (11) concentration, and it12 concentration of iron (11) measured in the 
contaminated area, it is possible to estimate the mass of BTEX lost to biodegradation through 
iron (111) reduction. The degradation of 1 mg/L of BTEX results in the production of 
approximately 21.8 mg/L of iron (11) during iron (111) reduction. The stoichiometry of BTEX 
biodegradation via iron reduction is given in Appendix B. Example calculations are presented in 
Appendix C. Iron concentrations will be used as a direct input parameter to Bioplume 111. 
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2.3.2.2.5 Sulfate 

After dissolved oxygen, nitrate, and bioavailable iron (111) have been depleted in the 
microbiological treatment zone, sulfate may be used as an electron acceptor for anaerobic 
biodegradation. This process is termed sulfate reduction and results in the production of sulfide. 

Sulfate concentrations are used as an indicator of anaerobic degradation of fuel compounds. By 
knowing the volume of contaminated groundwater, the background sulfate concentration, and the 
concentration of sulfate measured in the contaminated area, it is possible to estimate the mass of 
BTEX lost to biodegradation through sulfate reduction. Each 1.0 mg/L of sulfate consumed by 
microbes results in the destruction of approximately 0.21 mg/L of BTEX. The stoichiometry of 
BTEX biodegradation via sulfate reduction is given in Appendix B. Example calculations are 
presented in Appendix C. Sulfate concentrations will be used as a direct input parameter for the 
Bioplume 111 model. 

2.3.2.2.6 Methane .. ., . - 
. I -, .. 

During methanogenesis (an anaerobic biodegradation process), carbon dioxide (or acetate) is 
used as an electron acceptor, and methane is produced. Methanogenesis generally occurs after 
oxygen, nitrate, bioavailable iron (111), and sulfate have been depleted in the treatment zone. The 
presence of methane in groundwater is indicative of strongly reducing conditions. Because 
methane is not present in fuel, the presence of methane in groundwater above background 
concentrations in contact with fuels is indicative of microbial degradation of fuel hydrocarbons. 
Methane concentrations can be used to estimate the amount of BTEX destroyed in an aquifer. By 
knowing the volume of contaminated groundwater, the background methane concentration, and 
the concentration of methane measured in the contaminated area, it is possible to estimate the 
mass of BTEX lost to biodegradation via methanogenesis. The degradation of 1 mg/L of BTEX 
results in the production of approximately 0.78 mg/L of methane during methanogenesis. The 
stoichiometry of BTEX biodegradation via methanogenesis is given in Appendix B. Example 
calculations are presented in Appendix C. 

2.3.2.2.7 Alkalinity 

The total alkalinity of a groundwater system is indicative of a water’s capacity to neutralize 
acid. Alkalinity is defined as tlze net concentrution of stroily huse in excess of strong acid with u 
pure COz-wuter system cis tlze point of reference (Domenico and Schwartz, 1990). Alkalinity 
results from the presence of hydroxides, carbonates, and bicarbonates of elements such as 
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calcium, magnesium, sodium, potassium, or ammonia. These species result from the dissolution 
of rock (especially carbonate rocks), the transfer of COf from the atmosphere, and respiration of 
microorganisms. Alkalinity is important in the maintenance of groundwater pH because it buffers 
the groundwater system against acids generated during both aerobic and anaerobic 
biodegradation. 

In general, areas contaminated by fuel hydrocarbons exhibit a total alkalinity that is higher than 
that seen in background areas. This is expected because the microbially-mediated reactions 
causing biodegradation of fuel hydrocarbons cause an increase in the total alkalinity in the system, 
as discussed in Appendix B. Changes in alkalinity are most pronounced during aerobic 
respiration, denitrification, iron reduction, and sulfate reduction, and less pronounced during 
methanogenesis (Morel and Hering, 1993). In addition, Willey et al. (1975) show that short-chain 
aliphatic acid ions produced during biodegradation of fuel hydrocarbons can contribute to 
alkalinity in groundwater. 

Each 1.0 mg/L of alkalinity produced by microbes results from the destruction of 
approximately 0.13 mg/L of total BTEX. The stoichiometry of this reaction is given in 
Appendix B. Example calculations are presented in Appendix C. The production of alkalinity can 
be used to cross-check calculations of expressed assimilative capacity based on concentrations of 
electron acceptors. 

2.3.2.2.8 OxidatiodReduction Potential (Eh) 

The oxidationheduction (redox) potential of groundwater (Eh) is a measure of electron activity 
and is an indicator of the relative tendency of a solution to accept or transfer electrons. Redox 
reactions in groundwater contaminated with petroleum hydrocarbons are usually biologically 
mediated, and therefore, the redox potential of a groundwater system depends upon and 
influences rates of biodegradation. Knowledge of the redox potential of groundwater also is 
important because some biological processes operate only within a prescribed range of redox 
conditions. The redox potential of groundwater generally ranges from -400 millivolts (mV) to 
800 mV. Figure 2.3 shows the typical redox conditions for groundwater when different electron 
acceptors are used. 
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Figure 2.3 

Redox Potentials for 
Various Electron Acceptors 

Redox potential can be used to provide real-time data on the location of the contaminant 
plume, especially in areas undergoing anaerobic biodegradation. Mapping the redox potentials of 
the groundwater while in the field helps the field scientist to determine the approximate location 
of the contaminant plume. To map the redox potential of the groundwater while in the field, it is 
important to have at least one redox measurement (preferably more) from a well located 
upgradient from the plume. Redox potential measurements should be taken during well purging 
and immediately before and after sample acquisition using a direct-reading meter. Because most 
well purging techniques can allow aeration of collected groundwater samples (which can affect 
redox potential measurements), it is important to minimize potential aeration by following the 
steps outlined in Section 2.3.2.2.2. 
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2.3.2.2.9 pH, Temperature, und Conductivity 

Because the pH, temperature, and conductivity of a groundwater sample can change 
significantly within a short time following sample acquisition, these parameters must be measured 
in the field in unfiltered, unpreserved, “fresh” water collected by the same technique as the 
samples taken for dissolved oxygen and redox analyses. The measurements should be made in a 
clean glass container separate from those intended for laboratory analysis, and the measured 
values should be recorded in the groundwater sampling record. 

The pH of groundwater has an effect on the presence and activity of microbial populations in 
groundwater. This is especially true for methanogens. Microbes capable of degrading petroleum 
hydrocarbon compounds generally prefer pH values varying from 6 to 8 standard units. 

Groundwater temperature directly affects the solubility of oxygen and other geochemical 
species. The solubility of dissolved oxygen is temperature dependent, being more soluble in cold 
water than in warm water. Groundwater temperature also affects the metabolic activity of 
bacteria. Rates of hydrocarbon biodegradation roughly double for every 1 O-degree Celsius (“C) 
increase in temperature (‘‘Q”l0 rule) over the temperature range between 5 and 25°C. 
Groundwater temperatures less than about 5°C tend to inhibit biodegradation, and slow rates of 
biodegradation are generally observed in such waters. 

Conductivity is a measure of the ability of a solution to conduct electricity. The conductivity 
of groundwater is directly related to the concentration of ions in solution; conductivity increases 
as ion concentration increases. Conductivity measurements are used to ensure that groundwater 
samples collected at a site are representative of the water comprising the saturated zone in which 
the dissolved contamination is present. If the conductivities of samples taken from different 
sampling points are radically different, the waters may be from different hydrogeologic zones. 

2.3.2.2.10 Chloride 

Chloride is measured to ensure that groundwater samples collected at a site are representative 
of the water comprising the saturated zone in which the dissolved contamination is present (i.e., 
to ensure that all samples are from the same groundwater flow system). If the chloride 
concentrations of samples taken from different sampling points are radically different, the waters 
may be from different hydrogeologic zones. 
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2.3.3 Aquifer Parameter Estimation 

2.3.3.1 Hydraulic Conductivity 

Hydraulic conductivity is a measure of an aquifer’s ability to transmit water, and is perhaps the 
most important aquifer parameter governing fluid flow in the subsurface. The velocity of 
groundwater and dissolved contamination is directly related to the hydraulic conductivity of the 
saturated zone. In addition, subsurface variations in hydraulic conductivity directly influence 
contaminant fate and transport by providing preferential paths for contaminant migration. 
Estimates of hydraulic conductivity are used to determine residence times for contaminants and 
tracers, and to determine the seepage velocity of groundwater. 

The most common methods used to quantify hydraulic conductivity are aquifer pumping tests 
and slug tests (Appendix A). Another method that may be used to determine hydraulic 
conductivity is the borehole dilution test. One drawback to these methods is that they average 
hydraulic properties over the screened interval. To help alleviate this potential problem, the 
screened interval of the well should be selected after consideration is given to subsurface 
stratigraphy. Information about subsurface stratigraphy should come from geologic logs created 
from continuous cores. An alternate method to delineate zones with high hydraulic conductivity 
is to use pressure dissipation data from cone penetrometer test logs. 

2.3.3. I .  1 Punipiiig Tests 

. Pumping tests generally give the most reliable information on hydraulic conductivity, but are 
difficult to conduct in contaminated areas because the water produced during the test generally 
must be contained and treated. In addition, a minimum 4-inch-diameter well is generally required 
to complete pumping tests in highly transmissive aquifers because the 2-inch submersible pumps 
available today are not capable of producing a flow rate large enough for meaningful pumping 
tests. In areas with fairly uniform aquifer materials, pumping tests can be completed in 
uncontaminated areas, and the results can be used to estimate hydraulic conductivity in the 
contaminated area. Pumping tests should be conducted in wells that are screened in the most 
transmissive zones in the aquifer. 
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2.3.3.1.2 Slug Tests 

Slug tests are a commonly used alternative to pumping tests. One commonly cited drawback 
to slug testing is that this method generally gives hydraulic conductivity information only for the 
area immediately surrounding the monitoring well. Slug tests do, however, have two distinct 
advantages over pumping tests: they can be conducted in 2-inch monitoring wells, and they 
produce no water. If slug tests are going to be relied upon to provide information on the three- 
dimensional distribution of hydraulic conductivity in an aquifer, multiple slug tests must be 
performed. It is not advisable to rely on data from one slug test in one monitoring well. Because 
of this, slug tests should be conducted at several monitoring wells at the site. Like pumping tests, 
slug tests should be conducted in wells that are narrowly screened in the most transmissive zones 
in the aquifer. 

2.3.3.2 Hydraulic Gradient 

The hydraulic gradient is the change in hydraulic head (feet of water) divided by the length of 
groundwater flow. To accurately determine the hydraulic gradient, it is necessary to measure 
groundwater levels in all monitoring wells and piezometers at a site. Because hydraulic gradients 
can change over a short distance within an aquifer, it is essential to have as much site-specific 
groundwater elevation information as possible so that accurate hydraulic gradient calculations can 
be made. In addition, seasonal variations in groundwater flow direction can have a profound 
influence on contaminant transport. Sites in upland areas are less likely to be affected by seasonal 
variations in groundwater flow direction than sites situated near surface water bodies such as 
rivers and lakes. 

To determine the effect of seasonal variations in groundwater flow direction on contaminant 
transport, quarterly groundwater level measurements should be taken over a period of at least 1 
year. For many sites, these data may already exist. If hydraulic gradient data over a 1-year period 
are not available, intrinsic remediation can still be implemented pending an analysis of seasonal 
variation in groundwater flow direction. 

2.3.3.3 Processes Causing an Apparent Reduction in Total Contaminant Mass 

Several processes cause a reduction in contaminant concentrations and an apparent reduction 
Processes causing an apparent reduction in in the total mass of contaminant in a system. 
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contaminant mass include dilution, sorption, and hydrodynamic dispersion. In order to determine 
the mass of contaminant removed from the system it is necessary to correct observed 
concentrations for the effects of these processes. This is done by incorporating independent 
assessments of these processes into the comprehensive solute transport model. The following 
sections give a brief overview of the processes that result in apparent contaminant reduction. 
Appendix B describes these processes in detail. 

To accurately determine the mass of contaminant transformed to innocuous byproducts, it is 
important to correct measured BTEX concentrations for those processes that cause an apparent 
reduction in contaminant mass. This is accomplished by normalizing the measured concentration 
of each of the BTEX compounds to the concentration of a tracer that is at least as sorptive as 
BTEX, but that is biologically recalcitrant. Two potential chemicals found in fuel hydrocarbon 
plumes are trimethylbenzene and tetramethylbenzene (Cozzarelli et af .  , 1990; Cozzarelli et af . ,  
1994). These compounds are difficult to biologically degrade under anaerobic conditions, and 
frequently persist in groundwater longer than BTEX. Depending on the composition of the fuel 
that was released, other tracers are possible. Appendix C (Section C.3.3.4.2.1) contains an 
example calculation of how to correct for the effects of dilution. 

2.3.3.3. I Dilution 

Dilution results in a reduction in contaminant concentrations and an apparent reduction in the 
total mass of contaminant in a system. The two most common causes of dilution are infiltration 
and monitoring wells screened over large vertical intervals. Infiltration can cause an apparent 
reduction in contaminant mass by mixing with the contaminant plume, thereby causing dilution. 
Monitoring wells screened over large vertical distances may dilute groundwater samples by 
mixing water from clean aquifer zones with contaminated water during sampling. This problem is 
especially relevant for dissolved BTEX contamination, which may remain near the groundwater 
table for some distance downgradient from the source. To avoid potential dilution, monitoring 
wells should be screened over relatively small vertical intervals (less than 5 feet). Nested wells 
should be used to define the vertical extent of contamination in the saturated zone. 

2.3.3.3.2 Sorption (Returdution) 

The retardation of organic solutes caused by sorption is an important consideration when 
simulating intrinsic remediation. Sorption of a contaminant to the aquifer matrix results in an 
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apparent decrease in contaminant mass because dissolved contamination is removed from the 
aqueous phase. Dissolved oxygen and other electron acceptors present in the groundwater are 
not retarded by sorption. Any slowing of the solute relative to the advective transport velocity of 
the groundwater allows replenishment of electron acceptors into upgradient areas of the plume. 
The processes of contaminant sorption and retardation are discussed in Appendix B. 

2.3.3.3.3 Hydrodynamic Dispersion 

The dispersion of organic solutes in an aquifer is another important consideration when 
simulating intrinsic remediation. The dispersion of a contaminant into relatively pristine portions 
of the aquifer allows the solute plume to mix with uncontaminated groundwater containing higher 
concentrations of electron acceptors. Dispersion occurs both downgradient and, more 
importantly, crossgradient from the direction of groundwater flow. 

2.3.4 Optional Confirmation of Biological Activity 

Extensive evidence showing that biodegradation of fuel hydrocarbons frequently occurs under 
natural conditions can be found in the literature. Several of the many available references in 
support of intrinsic remediation are listed in Section 3 and discussed in Appendix B. The 
following sections describe three techniques that may be used if it is necessary to show that, 
microorganisms capable of degrading fuel hydrocarbons are present at a site. 

2.3.4.1 Field Dehydrogenase Test 

The field dehydrogenase test is a qualitative method used to determine if aerobic bacteria are 
present in an aquifer in quantities capable of biodegrading fuel hydrocarbons. If the test gives a 
positive result, a sufficient number of microorganisms capable of aerobic metabolism andor 
denitrification are present in the aquifer. A negative result for the dehydrogenase test gives no 
indication of the relative abundance of anaerobic microorganisms capable of utilizing sulfate, 
iron (111), or carbon dioxide during biodegradation. 

2.3.4.2 Microcosm Studies 

If additional evidence supporting intrinsic remediation is required, a microcosm study using 
site-specific aquifer materials and contaminants can be undertaken. Microcosm studies are used 
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to show that the microorganisms necessary for biodegradation are present and can be used as 
another line of evidence to support intrinsic remediation. 

If properly designed, implemented, and interpreted, microcosm studies can provide very 
convincing documentation of the occurrence of biodegradation. Such studies are the only “line of 
evidence” that allows an unequivocal mass balance determination based on the biodegradation of 
environmental contaminants. If the microcosm study is properly designed, it will be easy for 
decision makers with nontechnical backgrounds to interpret. The results of a microcosm study 
are strongly influenced by the nature of the geological material submitted for study, the physical 
properties of the microcosm, the sampling strategy, and the duration of the study. Because 
microcosm studies are time consuming and expensive, they should be undertaken only at sites 
where there is considerable skepticism concerning the biodegradation of fuel hydrocarbons. 

1 

Biodegradation rate constants determined by microcosm studies often are much greater than 
rates achieved in the field. Microcosms are most appropriate as indicators of the potential for 
intrinsic bioremediation, and to prove that losses are biological, but it may be inappropriate to use 
them to generate rate constants. The preferable method of fuel hydrocarbon biodegradation rate- 
constant determination is by in situ field measurement. The collection of material for the 
microcosm study, the procedures used to set up and analyze the microcosm, and the interpretation 
of the results of the microcosm study, are presented in Appendix C. 

2.3.4.3 Volatile Fatty Acids 

During biodegradation of BTEX compounds, volatile fatty acids (VFAs) are produced as 
metabolic byproducts. The production of these VFAs is a direct indication that biodegradation of 
BTEX has occurred. This test is a gas chromatography/mass spectrometry method wherein the 
samples are compared to a standard mixture containing a total of 58 phenols, aliphatic acids, and 
aromatic acids. ’ Volatile fatty acid analyses are necessary only when there is considerable 
skepticism about the biodegradation of fuel hydrocarbons at a specific site. 
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2.4 REFINE CONCEPTUAL MODEL, COMPLETE PRE-MODELING 
CALCULATIONS, AND DOCUMENT INDICATORS OF INTRINSIC 
REMEDIATION 

Site investigation data should first be used to refine the conceptual model and quantify 
groundwater flow, sorption, dilution, and biodegradation. The results of these calculations are 
used to scientifically document the occurrence and rates of intrinsic remediation and to help 
simulate intrinsic remediation over time. Because the burden of proof is on the proponent, all 
available data must be integrated in such a way that the evidence is sufficient to support the 
conclusion that intrinsic remediation is occurring. 

2.4.1 Conceptual Model Refinement 

Conceptual model refinement involves integrating newly gathered site characterization data to 
refine the preliminary conceptual model that was developed based on previously existing site- 
specific data. During conceptual model refinement, all available site-specific data should be 
integrated to develop an accurate three-dimensional representation of the hydrogeologic and 
contaminant transport system. This conceptual model can then be used for contaminant fate and 
transport modeling. Conceptual model refinement consists of several steps, including preparation 
of geologic logs, hydrogeologic sections, potentiometric surface/water table maps, contaminant 
contour (isopleth) maps, and electron acceptor and metabolic byproduct contour (isopleth) maps. 

2.4.1.1 Geologic Logs 

Geologic logs of all subsurface materials encountered during the soil boring phase of the field 
work should be constructed. Descriptions of the aquifer matrix should include relative density, 
color, major textural constituents, minor constituents, porosity, relative moisture content, 
plasticity of fines, cohesiveness, grain size, structure or stratification, relative permeability, and 
any other significant observations such as visible fuel or fuel odor. It is also important to 
correlate the results of volatiles screening using soil sample headspace vapor analysis with depth 
intervals of geologic materials. The depth of lithologic contacts and/or significant textural 
changes should be recorded to the nearest 0.1 foot. This resolution is necessary because 
preferential flow and contaminant transport paths may be limited to thin stratigraphic units. 
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2.4.1.2 Cone Penetrometer Logs 

Cone penetrometer logs express stratigraphic information as the ratio of sleeve friction to tip 
pressure. Cone penetrometer logs also may contain fluid resistivity data and estimates of aquifer 
hydraulic conductivity. To provide meaningful data, the cone penetrometer must be capable of 
providing stratigraphic resolution on the order of 3 inches. To provide accurate stratigraphic 
information, cone penetrometer logs must be correlated with continuous subsurface cores. At a 
minimum, there must be one correlation for every hydrostratigraphic unit found at the site. Cone 
penetrometer logs can be used to complete the hydrogeologic sections discussed in Section 
2.4.1.3. 

2.4.1.3 Hydrogeologic Sections 

Hydrogeologic sections should be prepared from boring logs or CPT data. A minimum of two 
hydrogeologic sections are required; one parallel to the direction of groundwater flow and one 
perpendicular to the direction of groundwater flow. Hydraulic head data including potentiometric 
surface andor water table elevation data should be plotted on the hydrogeologic section. These 
sections are useful in locating potential preferential contaminant migration paths and in simulating 
contaminant transport using solute fate and transport models. 

2.4.1.4 Potentiometric Surface or Water Table Map(s) 

A potentiometric surface or water table map is a two-dimensional graphic representation of 
equipotential lines shown in plan view. These maps should be prepared from water level 
measurements and surveyor’s data. Because groundwater flows from areas of high hydraulic 
head to areas of low hydraulic head, such maps are used to estimate the probable direction of 
plume migration and to calculate hydraulic gradients. These maps should be prepared using water 
levels measured in wells screened in the same relative position within the same hydrogeologic 
unit. To determine vertical hydraulic gradients, separate potentiometric maps should be 
developed for different horizons in the aquifer to document vertical variations in groundwater 
flow. Flow nets should also be constructed to document vertical variations in groundwater flow. 
To document seasonal variations in groundwater flow, separate potentiometric surface or water 
table maps should be prepared for quarterly water level measurements taken over a period of at 
least 1 year. In areas with mobile NAPL, a correction must be made for the water table deflection 
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caused by the NAPL. This correction and potentiometric surface map preparation are discussed 
in Appendix C. 

2.4.1.5 Contaminant Contour Maps 

Contaminant contour maps should be prepared for each of the BTEX comp-unds present and 
for total BTEX for each discrete sampling event. Such maps allow interpretation of data on the 
distribution and the relative transport and degradation rates of contaminants in the subsurface. In 
addition, contaminant contour maps are necessary so that contaminant concentrations can be 
gridded and used for input into a numerical model. 

If mobile and residual NAPLs are present at the site, a contour map showing the thickness and 
vertical and horizontal distribution of each should be prepared. These maps will allow 
interpretation of the distribution and the relative transport rate of NAPLs in the subsurface. In 
addition, these maps will aid in partitioning calculations and solute fate and transport model 
development. It is important to note that, because of the differences between the magnitude of 
capillary suction in the aquifer matrix and the different surface tension properties of fuel and 
water, NAPL thickness observations made at monitoring points may not provide an accurate 
estimate of the actual volume of mobile and residual NAPL in the aquifer. To accurately 
determine the distribution of NAPLs, it is necessary to take continuous soil cores or to use CPT 
testing coupled with laser-induced fluorescence. Appendix C discusses the relationship between 
actual and apparent NAPL thickness. 

2.4.1.6 Electron Acceptor, Metabolic Byproduct, and Alkalinity Contour Maps 
/ 

Contour maps should be prepared for electron acceptors consumed (dissolved oxygen, nitrate, 
and sulfate) and metabolic byproducts produced (iron (11) and methane] during biodegradation. 
In addition, a contour map should be prepared for alkalinity. The electron acceptor, metabolic 
byproduct, and alkalinity contour maps provide evidence of the occurrence of intrinsic 
remediation at a site. 

2.4.1.6.1 Electron Acceptor Contour Maps 

I 

Contour maps should be prepared for the e,xtron acceptors inc,dding dissolved oxygen, 
nitrate, and sulfate. During aerobic biodegradation, dissolved oxygen concentrations will 
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decrease to levels below background concentrations. Similarly, during anaerobic degradation, the 
concentrations of nitrate and sulfate will be seen to decrease to levels below background. The 
electron acceptor contour maps allow interpretation of data on the distribution of the electron 
acceptors and the relative transport and degradation rates of contaminants in the subsurface. 
Thus, electron acceptor contour maps provide visual evidence of biodegradation and a visual 
indication of the relationship between the contaminant plume and the various electron acceptors. 
In addition, the dissolved oxygen contour map is used to grid dissolved oxygen concentrations for 
input into the solute fate and transport model. Bioplume 111 will allow direct input of all these 
parameters. 

2.4.1.6.2 Metabolic Byproduct Contour Maps 

Contour maps should be prepared for the metabolic byproducts iron (11) and methane. During 
anaerobic degradation, the concentrations of these parameters will be seen to increase to levels 
above background. These maps allow interpretation of data on the distribution of metabolic 
byproducts resulting tiom the microbial degradation of fuel hydrocarbons and the relative 
transport and degradation rates of contaminants in the subsurface. Thus, metabolic byproduct 
contour maps provide visual evidence of biodegradation and a visual indication of the relationship 
between the contaminant plume and the various metabolic byproducts. 

2.4.1.6.3 Total Alkalinity Contour Map 

A contour map should be prepared for total alkalinity (as CaC03). Respiration of dissolved 
oxygen, nitrate, iron (III), and sulfate tends to increase the total alkalinity of groundwater. Thus, 
the total alkalinity inside the contaminant plume generally increases to levels above background. 
This map will allow visual interpretation of alkalinity data by showing the relationship between the 
contaminant plume and alkalinity. 

2.4.2 Pre-Modeling Calculations 

Several calculations must be made prior to implementation of the solute fate and transport 
model. These calculations include sorption and retardation calculations, fueltwater partitioning 
calculations, groundwater flow velocity calculations, and biodegradation rate-constant 
calculations. Each of these calculations is discussed in the following sections. The specifics of 
each calculation are presented in the appendices referenced below. 
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2.4.2.1 Analysis of Contaminant, Electron Acceptor, Metabolic Byproduct, and Total Alkalinity 
Data 

The extent and distribution (vertical and horizontal) of contamination and electron acceptor 
and metabolic byproduct concentrations and distributions are of paramount importance in 
documenting the occurrence of biodegradation of fuel hydrocarbons and in solute fate and 
transport model implementation. 

2.4.2.1.1 Electron Acceptor and BTEX Data 

Dissolved oxygen concentrations below background in an area with fuel hydrocarbon 
contamination are indicative of aerobic hydrocarbon biodegradation. Similarly, nitrate and sulfate 
concentrations below background in an area with fuel hydrocarbon contamination are indicative of 
anaerobic hydrocarbon biodegradation. If these trends can be documented, it is possible to 
quantify the relative importance of each biodegradation mechanism, as described in appendices B 
and C. The contour maps described in Section 2.4.1 can be used to provide visual evidence of 
these relationships. 

Microorganisms generally utilize dissolved oxygen and nitrate in areas with dissolved fuel- 
hydrocarbon contamination at rates that are instantaneous relative to the average advective 
transport velocity of groundwater. This results in the consumption of these compounds at a rate 
approximately equal to the rate at which they are replenished by advective flow processes. For 
this reason, the use of these compounds as electron acceptors in the biodegradation of dissolved 
fuel-hydrocarbons is a mass-transport-limited process (Wilson et ul., 1985; Borden and Bedient, 
1986). The use of models for simulating these processes is discussed in Appendix D. 

Microorganisms generally utilize sulfate, iron (111), and carbon dioxide in areas with dissolved 
fuel-hydrocarbon contamination at rates that are slow relative to rates of dissolved oxygen and 
nitrate utilization. This results in the consumption of these compounds at a rate that could be 
slower than the rate at which they are replenished by advective flow processes and plumes of 
contamination can extend away from the source. The use of these compounds as electron 
acceptors in the biodegradation of dissolved fuel-hydrocarbons may be a reaction-limited process 
that is approximated by first-order kinetics. Determination of first-order biodegradation rate 
constants is discussed in Appendix C. 
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2.4.2.1.2 Metabolic Byproduct and BTEX Data 

Elevated concentrations of the metabolic byproducts iron (11) and methane in areas with fuel 
hydrocarbon contamination are indicative of hydrocarbon biodegradation. If these trends can be 
documented, it is possible to quantify the relative importance of each biodegradation mechanism, 
as described in appendices B and C. The contour maps described in Section 2.4.1 can be used to 
provide visual evidence of these relationships. 

2.4.2.1.3 Total Alkalinity and BTEX Data 

Elevated concentrations of total alkalinity (as CaC03) in areas with fuel hydrocarbon 
contamination are indicative of hydrocarbon biodegradation via aerobic respiration, 
denitrification, iron (111) reduction, and sulfate reduction. If this trend can be documented, it is 
possible to estimate the assimilative capacity of the groundwater based on the increase (above 
background) in total alkalinity in contaminated areas, as described in appendices B and C. The 
contour maps described in Section 2.4.1 can be used to provide visual evidence of these 
relationships. 

2.4.2.2 Sorption and Retardation Calculations 

Contaminant sorption and retardation calculations should be made based on the TOC content 
of the aquifer matrix and the organic carbon partitioning coefficient (&) for each contaminant. 
The average TOC concentration from the most transmissive zone in the aquifer should be used for 
retardation calculations. A sensitivity analysis should also be performed during modeling using a 
range of TOC concentrations, including the lowest TOC concentration measured at the site. At a 
minimum, sorption and retardation calculations should be completed for BTEX and any tracers. 
Sorption and retardation calculations are described in Appendix C. 

’ 

2.4.2.3 FueWater Partitioning .Calculations 

If NAPL remains at the site, fuel/water partitioning calculations should be made to account for 
the partitioning from this phase into groundwater. Several models for fueVwater partitioning have 
been proposed in recent years, including those by Hunt et al. (1988), Bruce et al. (1991), Cline et 
ul. (1991), and Johnson and Pankow (1992). Because the models presented by Cline et ul. (1991) 
and Bruce et al. (1991) represent equilibrium partitioning, they are the most conservative models. 
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Equilibrium partitioning is conservative because it predicts the maximum dissolved concentration 
when LNAPL in contact with water is allowed to reach equilibrium. The results of these 
equilibrium partitioning calculations can be used in a solute fate and transport model to simulate a 
continuing source of contamination. The theory behind fueVwater partitioning calculations is 
presented in Appendix B, and example calculations are presented in Appendix C. 

2.4.2.4 Groundwater Flow Velocity Calculations 

The average linear groundwater flow velocity of the most transmissive aquifer zone containing 
contamination should be calculated to check the accuracy of the solute fate and transport model 
and to allow calculation of first-order biodegradation rate constants. An example of a 
groundwater flow velocity calculation is given in Appendix C. 

2.4.2.5 Biodegradation Rate-Constant Calculations 

Biodegradation rate constants are necessary to accurately simulate the fate and transport of 
BTEX compounds dissolved in groundwater. In many cases, biodegradation of fuel hydrocarbons 
can be approximated using first-order kinetics. In order to calculate first-order biodegradation 
rate constants, the apparent degradation rate must be normalized for the effects of dilution and 
volatilization. Two methods for determining first-order rate constants are described in 
Appendix C. One method involves the use of a biologically recalcitrant compound found in the 
dissolved BTEX plume that can be used as a conservative tracer. The other method, proposed by 
Buscheck and Alcantar (1995) involves interpretation of a steady-state contaminant plume and is 
based on the one-dimensional steady-state analytical solution to the advection-dispersion equation 
presented by Bear (1979). 

2.5 SIMULATE INTRINSIC REMEDIATION USING SOLUTE FATE AND 
TRANSPORT MODELS 

Simulating intrinsic remediation allows prediction of the migration and attenuation of the 
contaminant plume through time. Intrinsic remediation modeling is a tool that allows site-specific 
data to be used to predict the fate and transport of solutes under governing physical, chemical, 
and biological processes. Hence, the results of the modeling effort are not in themselves suficient 
proof that intrinsic remediation is occurring at a given site. The results of the modeling effort are 
only as good as the original data input into the model; therefore, an investment in thorough site 
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characterization will improve the validity of the modeling results. In some cases, straightforward 
analytical models of contaminant attenuation are adequate to simulate intrinsic remediation. 

Several well documented and widely accepted solute fate and transport models are available 
for simulating the fate and transport of fuel hydrocarbons under the influence of advection, 
dispersion, sorption, and biodegradation. One such model that is readily available 
(nonproprietary) and that is well documented is Bioplume 11. The use of solute fate and transport 
modeling in the intrinsic remediation investigation is described in Appendix D. 

T -  

The Bioplume I1 model is based upon the United States Geological Survey (USGS) two- 
dimensional (2-D) solute transport model (method of characteristics) of Konikow and Bredehoeft 
(1978). Bioplume I1 includes an aerobic biodegradation component that is activated by a 
superimposed plume of dissolved oxygen (Rifai et al., 1988). The model solves the USGS 2-D 
solute transport equation twice, once for hydrocarbon concentrations in the aquifer and once for a 
dissolved oxygen plume. The two plumes are combined using superposition at every particle 
move to simulate the biological reaction between hydrocarbons and oxygen. The model assumes 
that the hydrocarbons are directly mineralized to carbon dioxide and water through an 
instantaneous reaction. In recent years many studies have shown that Bioplume I1 can be used to 
successfully support the intrinsic remediation option at fuel-hydrocarbon-contaminated sites 
(Downey and Gier, 1991; Parsons ES, 1994a through 1994d; Parsons ES 1995a through 1995q; 
Wiedemeier et al., 1993, 1994a, and 1994b). 

2.6 CONDUCT AN EXPOSURE PATHWAYS ANALYSIS 

After the rates of natural attenuation have been documented, and predictions of the future 
extent and concentrations of the contaminant plume have been made using the appropriate solute 
fate and transport model, the proponent of intrinsic remediation should combine all available data 
and information to negotiate for implementation of this remedial option. Supporting the intrinsic 
remediation option generally will involve performing an exposure pathways analysis. This analysis 
includes identifying potential human and ecological receptors at points of exposure under current 
and future land and groundwater use scenarios. The results of solute fate and transport modeling 
are central to the exposure pathways analysis. If conservative model input parameters are used, 
the solute fate and transport model should give conservative estimates of contaminant plume 
migration. From this information, the potential for impacts on human health and the environment 
from contamination present at the site can be estimated. 
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2.7 PREPARE LONG-TERM MONITORING PLAN 
1 

Groundwater flow rates at many Air Force sites studied to date are such that many years will 
be required before contaminated groundwater could potentially reach the Base property 
boundary. Thus, there frequently is time and space for intrinsic remediation to reduce 
contaminant concentrations in groundwater to acceptable levels. Experience at 40 Air Force sites 
studied by AFCEE to date (September 1995) using a draft of this document suggests that many 
BTEX plumes are relatively stable, or are moving only very slowly with respect to groundwater 
flow. These examples demonstrate the efficacy of LTM to track plume migration and to validate 
or refine modeling results. 

The LTM plan consists of locating groundwater monitoring wells and developing a 
groundwater sampling and analysis strategy. This plan is used to monitor plume migration over 
time and to verify that intrinsic remediation is occurring at rates sufficient to protect potential 
downgradient receptors. The LTM plan should be developed based on site characterization data, 
the results of solute fate and transport modeling, and the results of the exposure pathways 
analysis. 

The LTM plan includes two types of monitoring wells. Long-term monitoring wells are 
intended to determine if the behavior of the plume is changing. Point-of-compliance wells are 
intended to detect movements of the plume outside the negotiated perimeter of containment, and 
to trigger an action to manage the risk associated with such expansion. Figure 2.4 depicts 1 )  an 
upgradient well in unimpacted groundwater, 2) a well in the LNAPL source area, 3) a well 
downgradient of the LNALP source area in a zone of anaerobic treatment, 4) a well in the zone of 
aerobic treatment, along the periphery of the plume, 5 )  a well located downgradient from the 
plume where concentrations of petroleum hydrocarbons are below regulatory acceptance levels 
and soluble electron acceptors are depleted with respect to unimpacted groundwater, and 6) three 
POC wells. 

Although the final number and placement of LTM and POC wells is determined through 
regulatory negotiation, the following guidance is recommended. Location of LTM wells are 
based on the behavior of the plume as revealed during the initial site characterization. The final 
number and location of LTM wells will depend on regulatory considerations. POC wells are 
placed a distance of 500 feet downgradient from the leading edge of the plume or the distance 
traveled by the groundwater in 2 years, whichever is greater. If the property line is less than 500 
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0 Long-Term Monitoring Well 

rlote: Complex sites may require more wells. The final 
lumber and placement should be determined in conjunction 

Not To Scale 

with the appropriate regulators. 

feet downgradient, the POC wells are placed near and upgradient ti-om the property line. The 
final number and location of POC monitoring wells will depend on regulatory considerations. 

Figure 2.4 

Hypothetical Long-Term 
Monitoring Strategy 

The results of a solute fate and transport model can be used to help site the LTM and POC 
wells. In order to provide a valid monitoring system, all monitoring wells must be screened in the 
same hydrogeologic unit as the contaminant plume. This generally requires detailed stratigraphic 
correlation. To facilitate accurate stratigraphic correlation, detailed visual descriptions of all 
subsurface materials encountered during borehole drilling should be prepared prior to monitoring 
well installation. The final placement of all monitoring wells should be determined in 
collaboration with the appropriate regulators. 

/Anaerobic Treatment Zone €3 

Direction of 
Plume Migration > 

, 
Aerobic Treatment 
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A groundwater sampling and analysis plan should be prepared in conjunction with POC and 
LTM well placement. For LTM wells, groundwater analyses should include BTEX, dissolved 
oxygen, nitrate, iron (11), sulfate, and methane. For POC wells, groundwater analyses should be 
limited to determining BTEX and dissolved oxygen concentrations. Any state-specific analytical 
requirements also should be addressed in the sampling and analysis plan to ensure that all data 
required for regulatory decision making are collected. Water level and NAPL thickness 
measurements must be made during each sampling event. Quarterly sampling of LTM wells is 
recommended during the first year to help determine the direction of plume migration and to 
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determine baseline data. Based on the results of the first year’s sampling, the sampling frequency 
may be reduced to annual sampling in the quarter showing the greatest extent of the plume. 
Sampling frequency is dependent on the final placement of the POC monitoring wells and 
groundwater flow velocity. The final sampling frequency should be determined in collaboration 
with regulators. 

2.8 CONDUCT REGULATORY NEGOTIATIONS 

The purpose of regulatory negotiations is to provide scientific documentation that supports 
intrinsic remediation as the most appropriate remedial option for a given site. All available site- 
specific data and information developed during the site characterization, conceptual model 
development, pre-modeling calculations, biodegradation rate calculation, groundwater modeling, 
model documentation, and LTM plan preparation phases of the intrinsic remediation investigation 
should be presented in a consistent and complementary manner at the regulatory negotiations. Of 
particular interest to’ the regulators will be proof that intrinsic remediation is occurring at rates 
sufficient meet regulatory compliance levels at the POC and to protect human health and the 
environment. The regulators must be presented with a “weight-of-evidence” argument in support 
of this remedial option. For this reason, all available evidence in support of intrinsic remediation 
must be presented at the regulatory negotiations. 

A comprehensive LTM and contingency plan also should be presented to demonstrate a 
commitment to proving the effectiveness of intrinsic remediation as a remedial option. Because 
LTM and contingency plans are very site specific, they should be addressed in the individual 
reports generated using this protocol. See Sections 6 and 7 of the two case studies presented in 
Appendices E and F for examples of such plans. 
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SECTION A-1 

INTRODUCTION 

Detailed site characterization is an important aspect of the intrinsic remediation demonstration. 
A review of existing site characterization data is particularly useful before initiating supplemental 
site characterization activities. Such a review allows development of a preliminary conceptual 
hydrogeologic model and facilitates effective placement of additional data collection points. 
Because the burden of proof for intrinsic remediation is on the proponent, very detailed site- 
specific characterization is required to support this remedial option. 

To help quantify rates of intrinsic remediation and to help successfully implement this remedial 
option, the following site-specific physical and chemical hydrogeologic parameters should be 
determined: 

Physical hydrogeologic characteristics to be determined include: 

Depth from measurement datum to the groundwater surface (and to mobile light 

Depths from measurement datum to the top and base of the shallow saturated zone (where 

nonaqueous-phase liquid [LNAPL], if present). 

feasible). 

Hydraulic conductivity through slug or pumping tests, as required. 

Estimate of dispersivity (accepted literature values are generally used). 

Estimate of effective porosity (accepted literature values are generally used). 

Stratigraphic analysis of subsurface media. 

Interaction between groundwater and surface water and rates of infiltrationhecharge. 

Preferential flow paths for contaminant transport. 

Patterns of aquifer use. 

Location of potential receptors, including groundwater recharge and discharge areas. 
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- Groundwater well locations, including municipal supply wells and well fields, private 
domestic wells, agricultural supply wells, industrial production wells, and any other 
groundwater production wells 

- Groundwater discharge points downgradient of site. 

Chemical hydrogeologic characteristics to be determined include: 

Three-dimensional distribution of residual, mobile, and dissolved contaminants. The 
distribution of residual and mobile contaminants will be used to define the dissolved plume 
source area. 

Groundwater quality and geochemical data, including 

- Alkalinity 

- Aromatic hydrocarbons (including the trimethylbenzene isomers) 

- Total petroleum hydrocarbons (total volatile hydrocarbons [TVH] and total extractable 
hydrocarbons [TEH]) 

- Dissolved oxygen 

- Iron (11) 

- Methane 

- Nitrate 

- Sulfate 

- Temperature 

- Chloride 

- Conductivity 

- PH 
- Oxidatiodreduction (redox) potential 

- Any other analyses required for regulatory compliance 
Soil quality and geochemical data, including 

- Total petroleum hydrocarbons 

- Benzene, toluene, ethylbenzene, and xylenes (BTEX) 

- Total organic carbon (TOC) 

- Moisture 

- Any other analyses required for regulatory compliance 

Chemical analysis of mobile LNAPL to determine mass fraction of BTEX. 
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Several soil, groundwater, and LNAPL sampling techniques may be used to gather these data, 
including conventional soil borings, cone penetrometer testing (CPT), monitoring well installation 
and sampling, GeoprobeO or Hydropunch@ sampling, and soil gas sampling. Regardless of the 
techniques used, groundwater, soil, and LNAPL samples must be obtained for laboratory 
analyses. At sites where surface water bodies are affected (or potentially affected) by 
contamination, surface water and sediment sample collection and analysis may be useful. 
Laboratory analyses should be performed on as many soil and groundwater samples as is 
necessary to define the horizontal and vertical extent of contamination. The final number and 
locations of samples should be based on regulatory considerations. The analytical protocols to be 
used for soil and groundwater samples are discussed in Section 2 of the protocol document. If 
LNAPL is present at the site, a sample of it should be analyzed for mass fraction of BTEX so that 
equilibrium dissolved concentrations can be determined. 

This appendix consists of six sections, including this introduction. Section A-2 discusses 
preliminary conceptual model development and selection of sites for additional data collection. 
Section A-3 discusses soil characterization methodologies. Section A-4 discusses groundwater 
characterization methodologies. Section A-5 discusses soil and groundwater handling 
procedures. Section A-6 discusses aquifer characterization methodologies. 
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SECTION A-2 

PRELIMINARY CONCEPTUAL MODEL DEVELOPMENT AND 
LOCATION OF ADDITIONAL DATA POINTS 

After reviewing existing site characterization data, a preliminary conceptual model should be 
developed and an assessment of the potential for intrinsic remediation made. Successful 
conceptual model development involves integrating site-specific data into a coherent 
representation of the groundwater 'flow and contaminant transport system. A conceptual model is 
a three-dimensional representation of the groundwater flow and contaminant transport system 
based on available geological, hydrological, climatological, and analytical data for the site. After 
development, the preliminary conceptual model will be used to determine optimal placement of 
additional data collection points and to help develop the numerical groundwater flow and 
contaminant transport model for the site. 

Successful conceptual model development involves: 

0 Definition of the problem to be solved (generally the unknown nature and extent of 
existing and future contamination). 

Integration of available data including: 
- Local geologic and topographic maps 
- Hydraulic data 
- Biological data 
- Geochemical data 
- Site stratigraphy 
- Contaminant concentration and distribution data (isopleth maps). 

0 Determination of additional data requirements, including: 
- Borehole locations and monitoring well spacing 
- An approved sampling and analysis plan. 
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Ancillary data that are necessary for conducting an exposure pathways analysis also should be 
determined concurrently with development of the conceptual model. These data can include the 
following: 

Determination of preferential groundwater flow pathways and points of groundwater 
discharge at which receptors may be exposed. 

Research to compile sociocultural data (e.g., surrounding land uses and well surveys) to 
establish potential receptors and receptor exposure points. 

0 Determination of applicable regulatory standards for groundwater, and soil if 
appropriate. 

0 Determination of likely future land use scenarios. 

These data will help establish regulatory point-of-compliance (POC) goals- and aid in the 
selection of locations for POC wells to ensure that human health and the environment are not 
adversely impacted by site-related contamination. 
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SECTION A-3 

SOIL CHARACTERIZATION METHODOLOGIES 

Several techniques are available for collection of soil samples for lithologic description and 
laboratory analysis. Regardless of the lithologic logging technique chosen, it is imperative that 
continuous samples be collected so that stratigraphic relationships and the vertical extent of soil 
contamination can be determined. Conventional soil borings are generally the most common 
method used for soil sample collection. Newer technologies, such as CPT allow a much larger 
area to be covered in a given time, but are somewhat limited in their ability to collect soil samples. 
Lithologic logs and soil analytical results from previous investigations may be available to 
supplement or eliminate soil characterization activities in support of intrinsic remediation. 
Regardless of the source of information or the method chosen, sufficient soil samples must be 
collected to adequately define the horizontal and vertical extent of contamination and those soil 
characteristics that would affect the migration (transport) and distribution of contaminants. 

In order to increase investigation efficiency, all necessary digging, drilling, and groundwater 
monitoring well installation permits should be obtained prior to mobilizing to the field. In 
addition, proposed drilling locations must be cleared for utilities and other infrastructure prior to 
any drilling activities. Frequently, results obtained during field investigations indicate that an 
alternate sampling strategy might provide more appropriate information than the one originally 
proposed. Therefore, it is useful to have all utility lines located and marked prior to initiation of 
field activities to allow for investigation flexibility. 

In general, water to be used in drilling, equipment cleaning, or grouting should be obtained 
from a potable water supply. Water use approval should be verified by contacting the appropriate 
facility personnel. The field scientist should make the final determination of the suitability of the 
water to be used for these activities. 
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A.3.1 SOIL BORINGS 

Soil boring locations should be selected to provide sufficient data for successful 
implementation of the intrinsic remediation option. Soil boring data will be used to refine the 
preliminary conceptual model and as input into a numerical model, such as Bioplume I P .  The 
biggest advantages of soil borings are that a large sample volume can be generated and US 
Environmental Protection Agency (USEPA) approved monitoring wells can be installed in such 
borings. Some disadvantages of soil borings are that they are time consuming and they generate 
large volumes of potentially contaminated soil that must be properly managed. 

A.3.1.1 Equipment Decontamination Procedures 

In order to prevent sample cross contamination, equipment decontamination must be 
performed. At a minimum, decontamination procedures should include the use of a high-pressure, 
steadhot water wash. Some projects, states, or USEPA Regions may require additional 
decontamination procedures. Upon arrival at the site, and between each borehole, the augers, 
drilling rods, bits, casing, samplers, tools, and other downhole equipment should be 
decontaminated. The drill rig also should be decontaminated upon arrival at the site. Only water 
from an approved source should be used for decontamination. 

All sampling tools must be cleaned onsite, prior to use and between each sampling event, with 
a clean water/phosphate-free detergent mix and a clean water rinse. Materials that cannot be 
cleaned to the satisfaction of the field scientist should not be used. All decontamination activities 
must be conducted in a manner so that the excess water will be controlled and not allowed to flow 
into any open borehole. Some projects, states, or USEPA Regions may require containment of 
the decontamination fluids 

A.3.1.2 Drilling and Soil Sampling 

Drilling in unconsolidated soils is generally accomplished using the hollow-stem auger method. 
If subsurface conditions are such that the planned drilling technique does not produce acceptable 
results (e.g., unstable borehole walls or poor soil sample recovery), another technique deemed 
more appropriate for the type of soils present should be used. Any alternate soil sampling 
procedure used must be approved by the field scientist and should be appropriate for the 
subsurface lithologies present at the site. I 
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Continuous soil samples should be obtained using a CME@ split-barrel, continuous sampling 
device or another similar method judged acceptable by the field scientist. Samples must be 

collected continuously over the full depth of the soil borehole. Direct collection of soil samples 
into liners within the split-spoon sampler will better preserve volatile organic compounds (VOCs). 
The soil samples should be split and removed from the continuous sampler. A portion of the 
sample should immediately be transferred to sample vials for laboratory analysis. A representative 
portion of the soil sample should be screened for VOCs using photoionization detector (PID) 
headspace measurements. Soil samples collected for the headspace procedure should correlate 
with samples placed in laboratory sample vials and should be quickly transferred to clean glass 
jars, sealed with aluminum foil, and held for 15 minutes at an ambient temperature of 68 degrees 
Fahrenheit (OF) or greater. The field scientist should record both the hold time and ambient 
temperature in the field log book. Semiquantitative measurements of VOC concentrations are 
made by puncturing the aluminum foil seal with the PID probe and reading the concentration of 
the headspace gases. The PID relates the concentration 0: total VOCs in the sample to an 
isobutylene calibration standard. Headspace measurements should be performed on all samples 
collected during drilling operations. Soil samples with the highest PID readings should be 
submitted to the laboratory for analysis. Actual sampling procedures should be in accordance 
with local, state, and federal requirements. 

The field scientist should observe all drilling and sample collection activities, maintain a 
detailed descriptive log of subsurface materials recovered, photograph representative samples, and 
properly label and store soil samples. An example of a geologic boring log form is presented in 
Figure A.3.1. This example should be adequate for most sites. If there is significant vertical 
variability, the scale should be adjusted accordingly. The descriptive log must contain, at a 
minimum: 

Sample interval (top and bottom depths); 

Sample recovery; 

Presence or absence of contamination (based on PID, visual, or olfactory evidence); 

0 Water level during drilling, the water level at the completion of drilling, and the overnight 
or 24-hour water level if the borehole remains open; 

0 Sediment or rock description, including relative density, color, major textural constituents, 
minor constituents, porosity, relative moisture content, plasticity of fines, cohesiveness, 
grain size, structure or stratification, relative permeability, and any other significant 
observations; 
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GEOLOGIC BORING LOG Sheet I of 1 

BORING NO.: CONTWCTOR: DATE SPUD: 
CLIENT RIG TYPE: DATE CMPL.: 
JOB NO.: DRLG METHOD: ELEVATi ON: 
LOCATION: BORING DIA: TEMP: 
GEOLOGIST: DRLG FLUID: WEATHER: 
COMENTS: 

Geologic Description 

Water level During Drllllng 

Water Level @ Complellon of DtiUirtg 

Waer Level AfIer 24 HOUS (if mienole left open) 

NOTES SAMPLE TYPE 
bgs - Below Ground Surface 

TOC -Top of Cadng 

D - DRIVE 
C - CORE 
G -GRAB 

GS - Ground Surface 

NS - Not Sampled 
SAA - Same As Above 

Fippre A.3.1 

Example Geologic 
, BoringLog 
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0 Unified soil classification system classification of sediments; 
I 

0 Blow counts, and any additional drilling or soil sampler information (cable tool blows, 

Lithologic contacts: the depth of lithologic contacts and/or significant textural changes 

Shelby tube time/pressure, etc.); and 

should be measured and recorded to the nearest 0.1 foot (1 inch). 

Soils exhibiting petroleum hydrocarbon contamination based on PID screening should be 
handled in accordance with local regulations. Upon completion of the drilling activities, samples 
from the contaminated soils should be collected and analyzed by the appropriate USEPA- 
approved methods for waste disposal characterization. Some projects, states, or USEPA Regions 
may require containment and sampling of all investigation-derived soils. 

If contaminated soils are encountered during drilling (based on visual, olfactory, or PID 
indications), and the potential for cross-contamination is anticipated, drilling should be stopped, 
and modified drilling procedures should be implemented to prevent the transfer of contaminants to 
deeper water-bearing strata. 

Surface runoff such as miscellaneous spills and leaks, precipitation, and spilled drilling fluid 
must not be allowed to enter any borehole or well either during or after borehole drilling/well 
construction. To prevent this from happening, starter casing, recirculation tanks, berms around 
the borehole, or surficial bentonite packs, as appropriate, should be used. 

A.3.1.3 Borehole Abandonment 

In general, any borehole should be completed as a monitoring well, bioventing well, or 
bioventing monitoring point. Completing all boreholes in this manner usually saves money in the 
long run. For example, if a borehole is completed in the unsaturated zone in a contaminated area, 
it is possible that bioventing may be required at a later date. If the borehole is abandoned, it may 
be necessary to install a bioventing well at a later date. If a bioventing well is initially installed in 
the borehole, such duplication of effort is not necessary. As another example, if a borehole is 
completed in the unsaturated zone in an uncontaminated area, it is possible that bioventing may be 
required in the area at a later date and this location can be used as a bioventing or background 
monitoring point, thereby avoiding unnecessary duplication of effort. 

If for some reason, a borehole is not completed as a monitoring well, bioventing well, or 
bioventing monitoring point, it must be abandoned according to state or federal protocol. 
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Borehole abandonment is generally accomplished by backfilling the hole with bentonite chips or a 
Portland cementkodium bentonite grout mixture to within approximately 3 feet of ground 
surface. If Portland cementlsodium bentonite grout is used, the bentonite content of the grout 
generally should not exceed 5 percent by dry weight. If standing water is present in the boring, 
the grout mixture should be placed using a tremie pipe inserted below the static water level near 
the bottom of the boring. The grout mixture should be pumped through the tremie pipe until 
undiluted grout is present near ground surface in the boring. 

Twenty-four hours after abandonment, the field scientist should check the abandoned site for 
grout settlement and specify additional grout, or backfill the hole to ground surface with clean 
native soil, or concrete, as necessary. Boreholes drilled through asphalt or concrete paving should 
be finished with a like material blended to the surrounding pavement. 

A.3.2 CONE PENETROMETER TESTING 

CPT is increasingly being used for successful site characterization. CPT ,is accomplished using 
a cone penetrometer truck, which consists of an instrumented probe that is forced into the ground 
using a hydraulic load frame mounted on a heavy truck, with the weight of the truck providing the 
necessary reaction mass. The penetrometer equipment is generally mounted inside an 18-foot van 
body attached to a 10-wheel truck chassis with a turbo-charged diesel engine. Ballast in the form 
of metal weights and a steel water tank that can hold approximately 5,000 pounds of water, are 
added to the truck to achieve an overall push capability of approximately 45,000 pounds. This 
push capacity may be limited in tight soils by the structural bending capacity of the 1.405-inch , 

outside-diameter (OD) push rods, rather than by the weight of the truck. Penetration force is 
supplied by a pair of large hydraulic cylinders bolted to the truck frame. 

The penetrometer probe generally has a 1.405-inch-OD, 60-degree conical tip, and a 1.405- 
inch-OD by 5.27-inch-long friction sleeve. Inside the probe, two load cells independently measure 
the vertical resistance against the conical tip and the side friction along the sleeve. Each load cell 
is a cylinder of uniform cross section inside the probe which is instrumented with four strain 
gauges in a full-bridge circuit. Forces are sensed by the load cells, and the data are transmitted 
from the probe assembly via a cable running through the push tubes. The analog data are 
digitized, recorded, and plotted by computer in the penetrometer truck. Penetration, dissipation, 
and resistivity data are used to determine site stratigraphy. 
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In some cases, the CPT tool can be coupled with a laser-induced fluorescence (LIF) device 
that is used to delineate the areal extent of a contaminant plume. The LIF/CPT probe is designed 
to measure tip and sleeve stress, pore pressure, and LIF simultaneously. A fiber optic cable 
connected to the laser spectrometer, and a 6-pair electrical conductor connected to the CPT data 
acquisition system, are routed through the interior of the push tubes to the CPT probe. Two load 
cells measure vertical resistance beneath the tip and frictional resistance on the side of the probe, 
respectively. A pressure gauge located above the cone tip monitors the pore water pressure. 
Figure A.3.2 is a schematic of the CPT tip that incorporates LIF. 

The basic laser system components of the LIF-CPT are a Nd:YAG@ pump laser, two separate 
and independent dye lasers, frequency-doubling crystals to convert the visible dye laser output to 
ultraviolet, a fiber optic probe, a monochromator for wavelength resolution of the return 
fluorescence, a photomultiplier tube to convert photons into an electrical signal, a digital 
oscilloscope for waveform capture, and a control computer. The fiber optic probe for the cone 
penetrometer consists of a delivery and a collection fiber, a protective sheath, a fiber optic mount 
within the cone, and a sapphire window. The uphole portion of the system is adaptable to either 
groundwater monitoring fiber optic probes or an optical cone penetrometer probe. Optimal 
wavelengths to be used during a continuous CPT push are determined from initial data. 
Wavelength is selected to give the strongest fluorescence signal, which can be attributed to the 
presence of contamination. Past experience suggests that a short wavelength of less than 275 
nanometers (nm) may be appropriate for the fluorescence of BTEX. 

A.3.2.2 Soil Core Sampling and Analysis 

The purpose of the soil corings is to verifyhalidate the LIFKPT data. All necessary digging 
permits should be obtained prior to mobilizing to the field. In addition, all utility lines should be 
located and all proposed CPT locations cleared prior to any CPT pushing activities. 

Soil cores collected for CPT confirmationhlibration can be collected using standard HSA 
techniques, Geoprobe sampling apparatus, or in some cases, CPT sampling apparatus. Enough 
cores must be collected to allow confirmationkalibration of the CPT readings. The actual number 
of soil cores will depend on site conditions. The determination of the number of soil cores 
required to confirdcalibrate the CPT data should be made by the field geologist in conjunction 
with the CPT operator. Soil sample’s should be collected continuously over the full depth of the 
CPT penetration. Procedures should be modified, as necessary, to ensure good sample recovery. 
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FIBER OPTIC WAVEGUIDES (2) 
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BO-DEG. CONE POINT 
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Fiber Optic Fluorometry 

Cone Penetrometer 
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Direct collection of soil samples into liners within the sampler will better preserve VOCs. The 
soil samples should be split and removed from the continuous sampler. A portion of the sample 
should immediately be transferred to.  sample vials for laboratory analysis. A representative 
portion of the soil sample should be analyzed for VOCs using PID headspace measurements, as 
described in Section A.3.1.2. 

The field scientist should observe all drilling and sample collection activities, maintain a 
detailed descriptive log of subsurface materials recovered, photograph representative samples, and 
properly label and store soil samples. An example of a geologic boring log form is presented in 
Figure A.3.1. This example should be adequate for most sites. If there is a large amount of 
vertical variability then the scale should'be adjusted accordingly. The contents of the descriptive 
log are listed in Section A.3.1.2. 

Although soil cuttings should be very minimal with the CPT technology, any soil cuttings 
exhibiting petroleum hydrocarbon contamination based on PID screening should be handled in 
accordance with local regulations. 

A.3.2.3 CPT Hole Grouting Procedure 

Cone penetrometer testing can create holes that may provide potential contamination pathways 
into groundwater. To prevent cross contamination, the test holes should be grouted to seal the 
hole and eliminate the contaminant migration pathway. The instrumented cone assembly and any 
other retrievable portion of the assembly will be completely removed from the penetration hole. 
Grout is generally prepared by mixing up to 5 percent (by dry weight) bentonite with Portland 
cement. Some CPT trucks are capable of injecting grout into the hole as the pushrods are 
removed. 

A.3.2.4 Decontamination Procedures 

Generally, the CPT push rods are cleaned with a steam-cleaning system as the rods are 
withdrawn from the ground. Most cone penetrometer trucks have a vacuum system that recovers 
nearly 100 percent of the steam-cleaning rinseate. Rinseate is generated only as the rods move 
past the cleaner, thereby minimizing liquid waste generation. Care should be taken not to apply 
the pressurized steam to the LIF module. Rinseate generally should be collected for proper 
disposal. 

A3 -9 



Revision 0 

Potable water should be used for CPT equipment cleaning, decontamination, and grouting. 
Precautions should be taken to minimize any impact to the surrounding area that might result 
from decontamination operations. Fuel, lubricants, and other similar substances are to be handled 
in a manner consistent with accepted safety procedures and standard operating practices. 

A.3.3 BORING AND CONE PENETROMETER TEST LOCATION SURVEY 

The horizontal location of all boring and CPT locations should be measured relative to 
established coordinates. Horizontal coordinates should be measured to the nearest 0.1 foot. The 
elevation of the ground surface and the measurement datum should be measured relative to mean 
sea level. The ground surface elevation should be measured to the nearest 0.1 foot, and the 
measurement datum to the nearest 0.01 foot. 

A.3.4 SOIL ANALYTICAL PROTOCOL 

The analytical protocol to be used for soil sample analysis is presented in Table 2.1. This 
analytical protocol includes all of the parameters necessary to document intrinsic remediation of 
fuel hydrocarbons, including the effects of sorption and both aerobic and anaerobic 
biodegradation of fuel hydrocarbons. Section 2.3.1.2 of the protocol document describes each 
soil analytical parameter and the use of each analyte in the intrinsic remediation demonstration. 
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SECTION A-4 

GROUNDWATER CHARACTERIZATION METHODOLOGIES 

This section describes the scope of work required to collect groundwater quality samples to 
support the intrinsic remediation demonstration. In order to maintain a high degree of quality 
control during groundwater sampling, the procedures described in the following sections should 
be followed. 

Groundwater sampling should be conducted only by qualified scientists and technicians trained 
in the conduct of well sampling, sampling documentation, and chain-of-custody procedures. In 
addition, sampling personnel should thoroughly review this protocol document and the site- 
specific work plan prior to sample acquisition and have a copy of the work plan available onsite 
for reference. Detailed groundwater sampling and sample handling procedures are presented in 
following sections. Samples should be collected in accordance with local, state, and federal 
requirements. 

Rapid and inexpensive survey techniques such as Geoprobe or CPT are appropriate for the 
initial site characterization and plume definition of the intrinsic remediation demonstration. 
Conventional monitoring wells will be required for long-term monitoring (LTM) and point-of- 
compliance (POC) groundwater sampling. 

A.4.1 MONITORING WELL INSTALLATION AND SAMPLING 

A.4.1.1 Monitoring Well Installation 

Groundwater monitoring wells should be located based on the distribution of contaminants in 
each plume. At a minimum, one monitoring well should be placed upgradient of the contaminant 
plume, two wells should be placed within the plume, and three wells should be placed various 
distances downgradient of the plume. The number of wells should be related to site conditions 
and the size of the spill. To define the three-dimensional extent of contamination and to 
determine the three-dimensional hydraulic relationships within the saturated zone, it is best to use 
nested wells with a maximum screened interval of 5 feet. Screening a larger area of the saturated 
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zone will result in averaging of contaminant concentrations and hydraulic properties. To ensure 
well integrity, nested well pairs generally should be completed in separate boreholes. Detailed 
well installation procedures are described in the following paragraphs. Of course, local protocols, 
regulations, and site conditions should dictate actual well completion details. 

A.4.1.1.1 Well Materials Decontamination 

Well completion materials should be inspected by the field scientist to ensure that they are 
clean and acceptable for monitoring purposes prior to use. If not factory sealed, casing, screen, 
and casing plugs and caps should be cleaned with a high-pressure, steadhot-water cleaner using 
approved water prior to use. Prepackaged sand, bentonite, and Portland cement should be used 
in well construction, and the bags should be inspected for possible external contamination before 
use. Materials that cannot be cleaned to the satisfaction of the field scientist should not be used. 

A.4. I .  1.2 Well Casing 

Upon completion of drilling to the proper boring termination depth, the monitoring well casing 
can be installed. Well construction details should be noted on a Monitoring Well Installation 
Record form (Figure A.4.1). This information will become part of the permanent field record for 
the site. 

Blank well casing should be constructed of Schedule 40 polyvinyl chloride (PVC) with an 
inside diameter (ID) of 2 inches when installing wells in boreholes, and Schedule 40 PVC with an 
ID of 0.5 or 1.5 inches when installing wells in CPT holes. All well casing sections should be 
flush-threaded; glued joints should not be used. The casing at each well should be fitted with a 
threaded bottom plug and a top cap constructed of the same type of material as the well casing. 
The top should be vented to maintain ambient atmospheric pressure within the well casing. Site 
conditions and local, state, and federal requirements should ultimately dictate well completion 
details and materials. 

The field scientist should verify and record the boring depth, the lengths of all casing and 
screen sections, and the depth to the top of all well completion materials placed in the annulus 
between the casing and borehole wall. All lengths and depths should be measured to the nearest 
0.1 foot. 
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MONITORING WELL INSTALLATION RECORD 
JOB NAME WELL N U M B E L  

JOB NUMBER INSTALLATION D A T F  L O C A T I O N  
DATUM ELEVATION- GROUND SURFACE E L E V A T I O N  

DATUM FOR WATER LEVEL MEASUREMENT 
SCREEN DIAMETER 8 MATERIAL 
RISER DIAMETER & MATERIAL BOREHOLE D I A M E T E R  
GRANULAR BACKFILL MATERIAL ES R E P R E S E N T A T I V F  
DRILLING METHOD DRILLING C O N T R A C T O R  

SLOT SIZE 

VENTED C A P 7  /-- LOCKABLE COVER 

PROTECTIVE CASING 
GROUND SURFACE 

DEPTHTOBASE 
OF CONCRETE - 

THREADED COUPLING - 

SOLID RISER- 

DEPTH TO TOP OF 
BENTONITE SEAL 

DEPTH TO TOP OF 
GRAVEL PACK 

CONCRETE CAP ------- .. 
@) GROUT 

STICK UP: 

LENGTH OF SOLID 
RISER: 

LENGTH OF 
SCREEN: - 

SCREEN SLOT 
SIZE: 

TOTAL DEPTH 
OF MONITORING 
WELL: 

LENGTH OF BACKFILLED 
BOREHOLE: 

BACKFILLED WITH: 
0 BENTON!TE 

0 GRANULAR BACKFILL 
(NOT TO SCALE) 

Monitoring Well 
Installation Record 

STABILIZED WATER LEVEL- FEET 
BELOW DATUM. 
MEASURED ON 
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A.4.1.1.3 Well Screen 

Well screens should be constructed of Schedule 40 PVC with an ID of 2 inches when installing 
wells in boreholes, and Schedule 40 PVC with an ID of 0.5 or 1.5 inches when installing wells in 
CPT holes. The screens should be factory slotted with 0.010-inch openings. Wells generally 
should be installed in nested pairs with a maximum 5-foot screened interval. Screening a larger 
section of the saturated zone will result in averaging of contaminant concentrations and hydraulic 
properties. It is usually desirable to screen at least one well so that seasonal fluctuations of the 
water table can be measured. The positioning of well screens should be selected by the field 
scientist after consideration is given to the geometry and hydraulic characteristics of the stratum in 
which the well will be screened. Wells should be screened so that the vertical distribution of 
contaminants and hydraulic gradients can be delineated. To ensure well integrity, nested well 
pairs generally should be completed in separate boreholes. Site conditions and local, state, and 
federal requirements should ultimately dictate well completion details and materials. 

A.4.1.1.4 Sand Filter Pack 

When monitoring wells are completed in boreholes, a graded sand filter should be placed 
around the screened interval and should extend approximately 2 feet above the top of the screen. 
Design of the sand filter should be based on the grain size distribution of the aquifer matrix as 
described in Harlan et ul. (1989), but generally will consist of 10-20 silica sand. When monitoring 
points are completed in CPT holes; the annulus will generally be too small to allow filter pack 
construction. In such cases, native aquifer materials will be allowed to collapse around the well. 
Because of the absence of a filter pack, monitoring points in very silty or clayey materials may 
yield water that is too turbid for analysis. 

A.4.1.1.5 Annular Sealant 

An annular seal of sodium bentonite pellets must be placed above the filter pack. The pellet 
seal should be a minimum of 2 feet thick. When installed above the water table, the bentonite seal 
should be hydrated in place in 6-inch lifts using potable water. The pellet seal must be overlain by 
a Portland cement/sodium bentonite grout that will extend from the top of the pellet seal to below 
the maximum frost line in the region. The Portland cement/sodium bentonite grout should consist 
of one 94-pound sack of cement and about 5 pounds of bentonite for each 7 gallons of water 
used. The bentonite content of the cemendbentonite mix should not exceed 5 percent by dry 
weight. The grout should be overlain by concrete extending to the ground surface. To reduce 

I 
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heaving of the newly installed monitoring well caused by freeze-thaw processes, it is imperative 
that the uppermost concrete seal extend below the maximum frost line for the area. In some 
cases, use of bentonite grout without cement can be used to minimize frost heave damage. 
USEPA Region 4 has found that in some cases the potable water supply has been chemically 
treated to the extent that water and soil analyses can be significantly altered. In these cases, an 
alternate water supply should be used, especially for drilling fluid, water used to prepare grout, 
and bentonite hydration water . 

A.4.1.1.6 Protective Well Cover 

To provide protection for the PVC well casing, each monitoring well should be completed with 
an above-grade or an at-grade protective cover. The choice of installing an above-grade 
protective well cover versus an at-grade protective well cover will depend mainly on aesthetics 
and logistical considerations. The facility point-of-contact should be consulted prior to work plan 
development so the appropriate well cover can be specified. In general, above-grade well covers 
are better because they are easily located and the problem of standing water in the annulus at the 
well head is minimized. 

A.4.1.1.6. I Above-Grade Cover 

In areas where pavement is present, the above-grade cover should be cemented in place using 
concrete blended to the existing pavement. In areas where pavement is not already present, a 6- 
inch-thick, 2-foot-diameter concrete pad should be constructed around the protective cover. In 
either case, the concrete immediately surrounding the well cover should be sloped gently away 
from the protective casing to facilitate runoff during precipitation events. 

A.4.1.1.6.2 At-Gmde Cover 

In areas where pavement is present, the at-grade cover should be cemented in place using 
concrete blended to the existing pavement. In areas where pavement is not already present, a 6- 
inch-thick, 2-foot-diameter concrete pad will be constructed around the protective cover. In 
either case, the concrete immediately surrounding the well cover should be sloped gently away 
from the protective casing to facilitate runoff during precipitation events. The seal of the cap to 
the well should be water tight. 
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A.4.1.2 Well Development 

Before any new well can be used for monitoring water levels or taking water samples, it must 
be developed. Development removes sediment from inside the well casing and flushes fines, 
cuttings, and drilling fluids from the sand pack and the portion of the formation adjacent to the 
well screen. The water samples are intended for analysis of soluble electron acceptors and 
petroleum hydrocarbons. A small amount of turbidity does not interfere with these analyses. 
Turbidity criteria for drinking water are not relevant. Well development should be accomplished 
in a manner that is consistent with local, state, and federal requirements. 

If the depth to water allows, well development can be accomplished using a bailer, peristaltic 
pump with dedicated Teflon@-lined polyethylene tubing, or a submersible pump. The bailer or 
pump must be regularly lowered to the bottom of the well so that fines that have accumulated in 
the bottom are agitated and removed from the well in the development water. 

Development should be continued until a minimum of 10 casing volumes of water have been 
removed from the well and the water pH, temperature, specific conductivity, dissolved oxygen 
concentration, and redox potential have stabilized (Le., three readings are taken with less than 10 
percent difference). If the development water is still turbid after removal of 10 casing volumes, 
development should be continued until the water becomes clear or the turbidity of the water 
produced is stable after the removal of several additional casing volumes. 

The development procedure specifies that 10 casing volumes of water be removed from the 
well. However, some wells completed in marginal aquifers will be evacuated dry during well 
development prior to the recovery of 10 casing volumes. In these low-productivity wells, 
development activity will have to be staged over a period of time to allow water to refill the well 
bore. In the event that 10 casing volumes of water cannot be recovered, the water volume 
recovered should be noted in the development records noting this deficiency. 

Clean development waters should be discharged at the drilling site in a manner that will control 
excessive ponding. Visibly or PID-indicated contaminated waters must be collected in contained 
and transported to the facility storage area for storage or to the facility water treatment plant for 
treatment and disposal. The facility point-of-contact should be consulted to determine the final 
disposition of purge waters. Some projects, states, or USEPA Regions require the containment 
of all development water produced at potentially contaminated sites. 

A record of well development should be maintained for each well. The well development 
record should be maintained in a bound field notebook or on monitoring well development forms 
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by the field scientist. Figure A.4.2 is an example of a monitoring welVpoint development record. 
A summary well development record form should be prepared for each well. Development 
records must include: 

0 Well number; 

Date and time of development; 

Development method; 

0 Pre-development water level and well depth; 

Volume of water produced; 

0 Description of water produced; 

Post-development water level and well depth; and 

Field analytical measurements, including pH, temperature, dissolved oxygen concentration, 
redox potential, and specific conductivity. 

A.4.1.3 Groundwater Monitoring Well Sampling 

All equipment to be used for sampling should be assembled and properly cleaned and calibrated 
(if required) prior to arriving in the field. In addition, all record-keeping materials should be 
gathered prior to leaving the office. 

A.4.1.3.1 Preparation for Sampling 

Prior to starting the sampling procedure, the area around the well should be cleared of foreign 
materials, such as brush, rocks, and debris. These procedures will prevent sampling equipment 
from inadvertently contacting debris around the monitoring well. 

A.4.1.3.2 Equipment Cleaning and Calibration 

All portions of sampling and test equipment that will contact the sample matrix must be 
thoroughly cleaned before use. This includes the water-level probe and cable, bailer (unless a 
dedicated disposable bailer is used), bailer lifting line, test equipment for onsite use, and other 
equipment or portions thereof that will contact the samples. Based on the types of sample 
analyses to be conducted, a cleaning protocol similar to the following should be used: 
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Figure A.4.2 
Example Monitoring WelVPoint Development Record 

MONITORING WELUPOINT DEVELOPMENT RECORD Page- of- 

Job Number Job Name 
Location BY Date 
Well Number Measurement Datum 

Pre-DeveloDment Information 

Water Level: 

Time (Start): 

Total Depth of Well: 

Water Characteristics 
Color Clear Cloudy 
Odor: None Weak Moderate Strong 
Any Films or Immiscible Material 
PH Temperature("F "C) 
Specific Conductance(pS/cm) 
Dissolved Oxygen Concentration 
Oxidation-Reduction Potential 

Interim Water Characteristics 
Gallons Removed: 

0 0  Temperature ( F C): 
Dissolved Oxygen Concentration: 

Post-DeveloDment Information 

Water Level: 

pH: 
Specific Conductance(pS/cm): 
Oxidation-Reduction Potential: 

Time (Finish): 

Total Depth of WelVPoint: 

Approximate Volume Removed: 

Equipment Used for Development: 

Pumping Rate and Period (if a pump is used): 

Water Characteristics 
Color 
Odor: None Weak 
Any Films or Immiscible Material 

PH Temperature( F C) 
Specific Conductance(pS/cm) 
Dissolved Oxygen Concentration 
Oxidation-Reduction Potential 

0 0  

Clear Cloudy 
Moderate Strong 

Comments: 
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Clean with potable water and phosphate-free laboratory detergent such as Alconox@; 

Rinse with potable water; 

Rinse with distilled or deionized water; 

Rinse with reagent-grade methanol or similar; 

Rinse with distilled or deionized water; 

Air dry the equipment prior to use. 

Final selection of cleaning procedures should be based on project, state, and USEPA Region 
requirements and anticipated site contaminants. Any deviations from established cleaning 
procedures should be documented in the field scientist’s field notebook and on the groundwater 
sampling form. 

If pre-cleaned dedicated sampling equipment is used, the cleaning protocol specified above is 
not required. Laboratory-supplied sample containers will be cleaned, sealed, and certified by the 
laboratory, and therefore do not need to be cleaned in the field. The type of container provided 
and the method of container decontamination will be documented in the permanent record of the 
sampling event. 

- 

As required, field analytical equipment should be calibrated according to the manufacturer’s 
specifications immediately prior to use in the field. This applies to equipment used for onsite 
measurements of pH, electrical conductivity, temperature, dissolved oxygen, and redox potential. 

A.4.1.3.3 Water Level and Total Depth Measurements 

Prior to removing any water from the well the static water level should be measured. An 
electric water level probe should be used to measure the depth to groundwater below the datum 
to the nearest 0.01 foot. After measuring the static water level, the water level probe should be 
slowly lowered to the bottom of the well, and the total well depth should be measured to the 
nearest 0.01 foot. Based on these measurements the volume of water to be purged from the well 
can be calculated. If mobile LNAPL is encountered, the LNAPL thickness should be determined, 
and attempts should be made to sample both the groundwater below the LNAPL layer and the 
fluid making up the LNAPL. 
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A.4.1.3.4 Mobile LNAPL Thickness Measurements 

At sites where phase-separated hydrocarbons are present in the groundwater system, it is 
important to accurately measure the thickness of floating hydrocarbons. Accurate measurement 
of hydrocarbon thickness allows for estimation of the amount and distribution of the hydrocarbon 
and correction of measured groundwater elevations. 

There are three methods that can be used to determine the thickness of mobile LNAPL in a 
well, including use of an interface probe, a bailer, or tape and paste. Interface probes generally 
operate on either tight refraction sensors or density float switches to detect hydrocarbons and the 
hydrocarbodwater interface. The depth to mobile LNAPL and depth to water should be 
measured to the nearest 0.01 foot. The thickness of phase-separated hydrocarbons should also be 
measured to the nearest 0.01 foot. Three consecutive measurements should be made to ensure 
the accuracy of the measuring instrument. A clear bailer can be slowly lowered into the well until 
it intersects the fluid but is not totally immersed. The bailer is then retrieved, and the floating 
LNAPL can be visually observed and measured with an engineer’s tape. The third method for 
measurement of floating hydrocarbon thickness is hydrocarbon paste and an engineer’s tape. The 
paste, when applied to the tape, changes color when it intersects the hydrocarbon and the 
hydrocarbodwater interface. Measurements of the mobile LNAPL thickness can be made directly 
from the engineer’s tape. It is extremely important to remember to thoroughly decontaminate all 
equipment between well measurement events to prevent cross contamination of wells. 

Measurements of mobile LNAPL thickness made in monitoring wells provide only an estimate 
of the actual thickness of NAPL at that location. Actual mobile and residual LNAPL thicknesses 
can only be obtained from continuous soil cores. Correcting apparent mobile LNAPL thickness 
as measured in monitoring wells to true thickness is discussed in Appendix C. 

A.4.1.3.5 Well Bore Purging 

The volume of water contained within the well casing at the time of sampling should be 
calculated, and three times the calculated volume removed from the well prior to the collection of 
samples for analysis. All purge water should be placed in 55-gallon drums pending final 
disposition. To prevent cross contamination between wells, dedicated disposable bailers, or 
peristaltic pumps with dedicated Teflon@-lined polyethylene tubing should be used for well 
evacuation. Additional methods for well purging include use of bladder pumps, WaTerraO pumps, 
or down hole positive-displacement pumps such as the GrundfosO pump. All wells should be 

purged in accordance with local, state, or federal requirements. 
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If a well is evacuated to a dry state during purging, the well should be allowed to recharge, and 
the sample should be collected as soon as suffcient water is present in the well to obtain the 
necessary sample quantity. Sample compositing, or sampling over a lengthy period by 
accumulating small volumes of water at different times to eventually obtain a sample of sufficient 
volume, is not allowable. 

A.4.1.3.6 Sample Extraction 

Sample extraction should be done in accordance with local, state, and federal requirements. If 
a peristaltic pump is used, the sample should be collected directly From the discharge end of the 
tubing. If a dedicated, disposable, polyethylene bailer is used, it should be lowered into the water 
gently to prevent splashing and extracted gently to prevent creation of an excessive vacuum in the 
well. The sample should be transferred directly into the appropriate sample container. If a bailer 
is used, the water sample must be transferred to the sample container by discharging the sample 
from the bottom of the bailer. In any case, the water should be carefully poured down the inner 
walls of the sample bottle to minimize aeration of the sample. Unless other instructions are given 
by the analytical laboratory, sample containers should be completely filled so that no air space 
remains in the container. 

A.4.2 MONITORING POINT INSTALLATION AND SAMPLING 

Groundwater monitoring points are similar to monitoring wells in that they consist of Schedule 
40 PVC slotted screen and solid riser. Groundwater monitoring points differ from monitoring 
wells in that they are completed in holes created using CPT (or Geoprobe@) equipment. Because 
of the extremely small to nonexistent annular space between the PVC monitoring point 
completion materials and the hole created using the CPT, common monitoring well completion 
components including the gravel pack, bentonite seal, and Portland cement/sodium bentonite seal 
are not used. Because these components are missing, groundwater monitoring points should be 
installed only in shallow aquifers where installation of such devices will not result in the cross- 
contamination of adjacent water-bearing strata. Groundwater monitoring points are best utilized 
in shallow unconfined aquifers where such contamination is not a potential problem. Figure A.4.3 
shows a typical monitoring point completion. 
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PVC CASING 

PVC SCREEN 
W/ THREADED JOINTS 

END CA” 

r CAP 

r 

(NOT TO SCALE) 

Figure A.4.3 

Typical Monitoring Point 
Completion Diagram 
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A.4.2.1 Monitoring Point Locations and Completion Intervals 

Groundwater monitoring points should be located based on the distribution of contaminants in 
each plume. At a minimum, one monitoring point should be placed upgradient of the contaminant 
plume, two points should be placed within the plume, and three points should be placed various 
distances downgradient of the plume. The number of points should be related to site conditions 
and the size of the spill. Each monitoring point should consist of a pair of nested monitoring 
points: a shallow point intended to sample the shallow portion of the aquifer and a deep point 
intended to sample the groundwater at some depth below the water table. The shallow screened 
interval generally should extend from 1 foot above the water table to no more than 5 feet below 
the water table. The deep screened interval should have between 3 and 6 feet of screen. The 
deep points should be placed based on contaminant distribution. Such short screened intervals, 
with between 3 and 6 feet of screen each, help mitigate the dilution of water samples from 
potential vertical mixing of contaminated and uncontaminated groundwater in the monitoring 
point casing In addition, short screened intervals used in nested pairs give important information 
on the nature of vertical hydraulic gradients in the area. 

A.4.2.2 Monitoring Point Installation 

A.4.2.2.1 Preplacement Activities 

All necessary digging, coring, drilling, and groundwater monitoring point installation permits 
should be obtained prior to mobilizing to the field. In addition, all utility lines should be located 
and proposed drilling locations cleared prior to any intrusive activities. 

Water to be used in monitoring point installation and equipment cleaning should be obtained 
from a potable water supply. The field hydrogeologist should make the final determination as to 
the suitability of water for these activities. It  is recommended that the source water utilized for 
decontamination activities be tested for the same parameters as the analytical samples from the 
specific site. 

A.4.2.2.2 Monitoring Point Materials Decontamination ' 

Monitoring point completion materials should be inspected by the field hydrogeologist and 
determined to be clean and acceptable prior to use. If not factory sealed, casing, screen, and 
casing plugs and caps should be cleaned with a high-pressure, steadhot-water cleaner using 
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approved water prior to use. Materials that cannot be cleaned to the satisfaction of the field 
hydrogeologist should not be used. 

A.4.2.2.3 Monitoring Point Screen and Casing 

Groundwater monitoring points are installed by pushing 0.5-inch ID PVC through the inside of 
the CPT pushrods. As the pushrod descends, new PVC casing is continuously attached until the 
desired depth is reached and a fully cased monitoring point is created. 

Monitoring point construction details should be noted on a Monitoring Point Installation 
Record form (Figure A.4.4). This information becomes part of the permanent field record for.the 
site. 

Monitoring point screens are constructed of flush-threaded, Schedule 40 PVC with an ID of 
0.5 inch. The screens should be factory slotted with 0.01-inch openings. The positions of the 
screens should be selected by the field hydrogeologist after consideration is given to the geometry 
and hydraulic characteristics of the stratum in which the monitoring point will be screened. 

Blank monitoring point casing should be constructed of Schedule 40 PVC with an ID of 0.5 
inch. All monitoring point casing sections should be flush-threaded; glued joints should not be 
used. The casing at each monitoring point should be fitted with a bottom cap and a top cap 
constructed of PVC. The top cap should be vented to maintain ambient atmospheric pressure 
within the monitoring point casing. ! 

The field hydrogeologist should verify and record the total depth of the monitoring point, the 
lengths of all casing sections, and the depth to the top of all monitoring point completion 
materials. All lengths and depths are to be measured to the nearest 0.1 foot. 

A.4.2.2.4 Protective Cover 

To provide protection for the PVC well casing, each monitoring point will be completed with 
either an at-grade, or an above-grade protective cover. In either case, the concrete immediately 
surrounding the monitoring point will be sloped gently away from the protective casing to 
facilitate runoff during precipitation events. Protective cover installation procedures are described 
in Section A.4.1.1.6. 
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MONITORING POINT INSTALLATION RECORD 
JOB NAME MONITORING POINT N U M B E L  
JOB NUMBER INSTALLATION D A T F  LOCATIO- 
DATUM ELEVATION GROUND SURFACE E L E V A T I O N  
DATUM FOR WATER LEVEL MEASUREMENT 
SCREEN DIAMETER 8 MATERIAL 
RISER DIAMETER 8 MATERIAL BOREHOLE D I A M E T E R  
CONE PENETROMETER C O N T R A C T O R  ES R E P R E S E N T A T I V F  

SLOT SIZE 

GROUND SURFACE7 

CONCRETE -- 
/A/// / 

THREADED COUPLING- 

SOLID RISER 

SCREEN 

CAP 

LENGTH OF SOLID 
RISER: 

LENGTH OF 
SCREEN. 

SCREEN SLOT 
SIZE: 

TOTAL DEPTH 
OF MONITORING 
POINT: 

LENGTH OF BACKFILLED 
BOREHOLE. 

BACKFILLED WITH: 

(NOT TO SCALE) 

I 
STABILIZED WATER L E V E L  FEET 
BELOW DATUM. 

TOTAL MONITORING POINT D E P T H  FEET 
BELOW DATUM. 

GROUND S U R F A C F  FEET 

Figure A.4.4 

Example Monitoring Point 
Installation Record 

I 
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A.4.2.3 Monitoring Point Development 

New monitoring points must be developed prior to sampling. Development removes sediment 
ti-om inside the monitoring point casing and flushes fines from the portion of the formation 
adjacent to the monitoring point screen. Monitoring point development can be accomplished 
using either a small, custom-made bailer or a peristaltic pump. The bailer or pump tubing should 
be regularly lowered to the bottom of the monitoring point so that fines that have accumulated in 
the bottom are agitated and removed from the monitoring point in the development water. 

Development should be continued until a minimum of 10 casing volumes of water has been 
removed from the monitoring point and until pH, temperature, specific conductivity, dissolved 
oxygen concentration, and redox potential have stabilized. If the water remains turbid after 
removing 10 casing volumes of water, monitoring point development should continue until the 
turbidity of the water produced is constant. 

A monitoring point development record shall be maintained for each point. The monitoring 
point development record will be completed in the field by the field hydrogeologist. Figure A.4.2 
is an example of the monitoring welVpoint development record. Development records will 
include : 

Monitoring point number; 

Date and time of development; 

0 Development method; 

Pre-development water level and monitoring point depth; 

Volume of water produced; 

Description of water produced; 

Post-development water level and monitoring point depth; and 

Field analytical measurements, including pH, temperature, dissolved oxygen concentration, 
redox potential, and specific conductivity. 

A.4.2.4 Monitoring Point Location and Datum Survey 

The location and elevation of the new monitoring points should be surveyed soon after 
completion. The horizontal location should be measured relative to established coordinates. 
Horizontal coordinates are to be measured to the nearest 0.1 foot. The elevation of the ground 
surface adjacent to the monitoring point casing and the measurement datum elevation (top of 
PVC casing) is to be measured relative to a mean sea level datum. The ground surface elevation 
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is to be measured to the nearest 0.1 foot, and the measurement datum, outer casing, and 
surveyor’s pin (if present) elevation should be measured to the nearest 0.01 foot. 

A.4.2.5 Monitoring Point Sampling 

Monitoring point sampling should be accomplished in accordance with the procedures 
described in Section A.4.1.3. 

A.4.3 HYDROPUNCH@ SAMPLING 

The HydroPunch II@ sampling device is designed to be pushed or driven to the desired sample 
depth, either from the ground surface or from the bottom of a drilled borehole. The 
Hydropunch@ utilizes an air-tight and water-tight sealed intake screen and sample chamber that is 
isolated from the surrounding environment as the tool is advanced. The surface of the 
Hydropunch@ is designed to prevent the downward transport of contamination as the tool is 
advanced; it cleans itself as the soil particles are displaced to the side. The tight seal created as 
the soil is displaced and compacted allows the collection of a discrete sample fi-om a specific 
depth. 

The Hydropunch@ can be used to sample both groundwater and floating LNAPL. 
Groundwater samples should be collected from the groundwater table to below visibly impacted 
groundwater at 5-fOOt intervals using the Hydropunch@ sampling apparatus. When performing a 
groundwater investigation exclusively with the Hydropunch@ sampling device, samples should be 
taken in an upgradient (background) area, within the defined mobile LNAPL plume, in the area 
immediately downgradient of the mobile LNAPL plume, within the dissolved BTEX plume, and 
immediately downgradient of the dissolved BTEX plume. Hydropunch@ provides up to 1.2 liters 
of sample volume. This should be sufficient for the water quality analyses detailed in Table 2.1. ’ 
Should the sample volume prove to be insufficient, the analytical protocol should be modified 
based on sample yield at each depth interval. 

All equipment to be used for sampling should be assembled and properly cleaned and calibrated 
In addition, all record-keeping materials must be (if required) prior to arriving in the field. 

gathered prior to leaving the office. 
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A.4.3.1 Preparation for Sampling 

Prior to starting the sampling procedure, the area around the Hydropunch@ sampling location 
must be cleared of foreign materials, such as brush, rocks, and debris. These procedures will 
prevent sampling equipment from inadvertently contacting surface debris. 

A.4.3.2 Equipment Cleaning and Calibration 

All portions of sampling and testing equipment that will contact the sample matrix must be 
thoroughly cleaned before. This includes the HydroPunchO tool, water-level probe and cable, 
lifting line, test equipment for onsite use, and other equipment or portions thereof that will contact 
the samples. ,The cleaning protocol to be used is described in Section A.4.1.3.2. 

A.4.3.3 Water Level and Total Depth Measurements 

Prior to removing any water from the HydroPunchO sampling device, the static water should 
be measured. Hollow, high-density polyethylene (HDPE) tubing connected to a manometer will 
be inserted into the hollow HydroPunchO until the manometer indicates that groundwater has been 
reached. The HDPE attached to the manometer will then be marked 'at the level of the ground 
surface and removed. The depth to water will be determined by placing a tape measure next to 
the HDPE tubing and measuring the length from the base of the tubing to the ground level mark 
to the nearest 0.01 foot. The sampling depth is measured (to the nearest 0.1 foot) by noting the 
depth to which the HydroPunchO tool was driven. 

A.4.3.4 Sample Acquisition 

Samples should be collected in accordance with local, state, and federal requirements. Special 
care should be taken to prevent contamination of the groundwater and extracted samples. The 
two primary ways that sample contamination can occur are through contact with improperly 
cleaned equipment and by cross contamination through insufficient cleaning of equipment between 
wells. To prevent such contamination, new HDPE tubing must be used for each water level 
measurement. If the water level probe and cable are used to determine static water levels and well 
total depths, they should be thoroughly cleaned between uses at different sampling locations. In 
addition to the use of properly cleaned equipment, a clean pair of new, disposable nitrile gloves 
will be worn each time a different well is sampled. 

The following paragraphs present the procedures to be followed for groundwater (or LNAPL) 
sample collection from the HydroPunchO. These activities should be performed in the order 
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presented below. Exceptions to this procedure should be noted in the field scientist’s field 
notebook. 

The sampling depth and interval generally should be specified prior to driving the 
HydroPunchO into the ground. The field scientist should verify the sampling depth by measuring 
the length of each HydroPunchO sampling rod prior to insertion into the ground. After insertion, 
the drive rods or hammer are retracted to pull the cone out of the body of the HydroPunchO 
device, permitting groundwater to enter. A minimum of 6 inches of the body of the device must 
be in the driven hole to provide a good annular seal. 

After allowing for adequate fill time, the HydroPunchO sampling device is pulled to the surface, 
unthreaded from the upper subassembly, and replaced with the thread retainer. The sample is then 
transferred directly into the analyte-appropriate sample container. The water should be carefully 
poured down the inner walls of the sample bottle to minimize aeration of the sample. Unless 
other instructions are given by the analytical laboratory, sample containers should be completely 
filled so that no air space remains in the container. 

A.4.4 GEOPROBEO SAMPLING 

This section describes the scope of work required for collecting groundwater quality samples 
using the Geoprobe@ sampling apparatus. In order to maintain a high degree of quality control 
during the sampling event, the procedures described in the following sections should be followed. 

The sampling depth and interval should be determined prior to driving the Geoprobe@ sampling 
rods into the ground. The field scientist should verify the sampling depth by measuring the length 
of each Geoprobe@ sampling rod prior to insertion into the ground. A disposable drive tip will be 
placed at the tip of the Geoprobe@ sampling rods. This tip is threaded on the uphole end to allow 
attachment of dedicated 3/8-inch, HDPE tubing. After reaching the desired depth, the 3/8-inch 
HDPE tubing is threaded through the center of the hollow Geoprobe@ sampling rods and secured 
to the drive point. The polyethylene tubing is perforated at the downhole end using a 1/16-inch 
drill bit at 1/4-inch intervals alternately offset at 90-degree angles. The GeoprobeO sampling rods 
are then pulled back approximately 1 foot to allow groundwater to enter the perforated end of the 
polyethylene tubing. When the rod is pulled up, the sampling tip remains at the probe termination 
depth, and the 1-foot perforated interval of the polyethylene tubing is exposed to groundwater. 
The groundwater sample is then acquired using a peristaltic pump. 
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Groundwater sampling will be conducted by qualified scientists and technicians trained in the 
conduct of Geoprobea sampling, records documentation, and chain-of-custody procedures. In 
addition, sampling personnel should thoroughly review this plan prior to sample acquisition and 
must have a copy of the plan available onsite for reference. 

Detailed groundwater sampling and sample handling procedures are presented in following 
sections. 

A.4.4.1 Preparation for Sampling 

All equipment to be used for sampling is to be assembled and properly cleaned and calibrated 
(if required) prior to arriving in the field. In addition, all record-keeping materials should be 
gathered prior to leaving the office. 

A.4.4.2 Equipment Cleaning and Calibration 

All portions of sampling and test equipment that will contact the sample must be thoroughly 
cleaned before use. This includes water-level probe and cable, lifting line, test equipment for 
onsite use, and other equipment or portions thereof that will contact the samples. A cleaning 
protocol similar to that described in Section A.4.1.3.2 should be used. 

A.4.4.3 Water Level and Total Depth Measurements 

Prior to removing any water from the GeoprobeO sampling device, the static water should be 
measured. Several commercially available water-level probes are capable of recording water 
levels through the center of the hollow GeoprobeO rods. The depth to water should be 
determined to the nearest 0.1 foot. The sampling depth also should be measured (to the nearest 
0.1 foot) by noting the depth to which the GeoprobeO tool was driven. 

A.4.4.5 Purging 

The GeoprobeO sampling point should be purged prior to sample acquisition. Groundwater 
should be pumped through the same dedicated Teflon@-lined polyethylene tubing that will be used 
for sample acquisition. The sampling point should be purged until pH, temperature, specific 
conductivity, dissolved oxygen, and redox potential readings have stabilized. Additional details 
on purging are specified in Section 4.1.3.5. 
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A.4.4.6 Sample Acquisition 

Samples should be collected in accordance with local, state, and federal requirements. Special 
care must be taken to prevent contamination of the groundwater and extracted samples. The two 
primary ways that sample contamination can occur are through contact with improperly cleaned 
equipment and by cross contamination through insufficient cleaning of equipment between 
sampling locations. To prevent such contamination, the HDPE used to determine static water 
levels and sample depth should not be reused. In addition to the use of properly cleaned 
equipment, a clean pair of new, disposable nitrile gloves will be worn each time a different 
Geoprobe@ location is sampled. 

The following paragraphs present the procedures that comprise groundwater sample 
acquisition from the Geoprobe@. These activities should be performed in the order presented 
below. Exceptions to this procedure should be noted in the field scientist's field notebook. 

A peristaltic pump should be used to extract groundwater samples from the Geoprobe@ 
sampling point. Prior to sample collection, groundwater should be' purged until dissolved oxygen, 
temperature, pH, specific conductivity, and redox readings have stabilized. The sample is 
collected at the discharge end of the HDPE tubing directly into the appropriate sample container. 
The water should be carefully directed down the inner walls of the sample bottle to minimize 
aeration of the sample. 

Unless other instructions are given by the analytical laboratory, sample containers should be 
completely filled so that no air space remains in the container. Excess water collected during 
sampling should be handled in accordance with local regulations. 
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SECTION A-5 

SOIL AND GROUNDWATER SAMPLE HANDLING 

This section describes the handling of soil and groundwater samples from the time of sampling 
until the samples arrive at the laboratory. 

A.5.1 SAMPLE PRESERVATION, CONTAINERS, AND LABELS 

The analytical laboratory should add any necessary chemical preservatives prior to shipping the 
containers to the site. Samples should be properly prepared for transportation to the analytical 
.laboratory by placing the samples in a cooler containing ice to maintain a shipping temperature of 
approximately 4 degrees centigrade ("C). 

Sample containers and appropriate container lids should be provided by the analytical 
laboratory. The sample containers should be filled in accordance with accepted procedures for 
the sample matrix and the type of analysis to be conducted. Container lids should be tightly 
closed. The sample label should be firmly attached to the container side, and the following 
information legibly and indelibly written on the label: 

Facility name; 
Sample identification; 
Sample type (groundwater, surface water, etc.); 
Sampling date; 
Sampling time; 
Preservatives added; and 
Sample collector's initials. 

SAMPLE SHIPMENT 

After the samples are sealed and labeled, they should be packaged for transport to the 
analytical laboratory. The packaged samples should be delivered to the analytical laboratory 
shortly after sample acquisition using an overnight delivery service. The following packaging and 
labeling procedures are to be followed: 
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e Abide by all US Department of Transportation (DOT) shipping regulations; 
e Package samples so that they will not leak, spill, or vaporize from their containers; 

Label shipping container with 
- Sample collector’s name, address, and telephone number; 
- Laboratory’s name, address, and telephone number; 
- Description of sample; 
- Quantity of sample; and 
- Date of shipment. 

A.5.3 CHAIN-OF-CUSTODY CONTROL 

After the samples are collected, chain-of-custody procedures must be followed to establish a 
written record of sample handling and movement between the sampling site and the analytical 
laboratory. Each shipping container should have a chain-of-custody form completed in triplicate 
by the sampling personnel. One copy of this form should be kept by the sampling contractor after 
sample delivery to the analytical laboratory; the other two copies should be retained at the 
laboratory. One of the laboratory copies will become a part of the permanent record for the 
sample and will be returned with the sample analytical results. The chain-of-custody form should 
contain the following information: 

e 

e 

e 

e 

e 

e 

e 

e 

e 

e 

Unique sample identification number; 
Sample collector’s printed name and signature; 
Date and time of collection; 
Sample location; 
Sample matrix; 
Sample size and container; 
Chemical preservatives added; 
Analyses requested; 
Signatures of individuals involved in the chain of possession; and 
Inclusive dates of possession. 

The chain-of-custody documentation should be placed inside the shipping container so that it 

will be immediately apparent to the laboratory personnel receiving the container, but cannot be 
damaged or lost during transport. The shipping container is to be sealed so that it will be obvious 
if the seal has been tampered with or broken. 
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A.5.4 SAMPLING RECORDS 

In order to provide complete documentation of the sampling event, detailed records are to be 
maintained by the field scientist. Figure A.5.1 is an example groundwater sampling form. At a 
minimum, these records must include the following information: 

Sample location (facility name); 
Sample identification; 
Sample location map or detailed sketch; 
Date and time of sampling; 
Sampling method; 
Field observations of 
- Sample appearance, 
- Sample odor; 

Weat her conditions; 
Water level prior to purging (groundwater samples); 
Total well depth (groundwater samples); 
Purge volume (groundwater samples); 
Water level after purging (groundwater samples); 
Well condition (groundwater samples); 
Sample depth; 
Sampler’s identification; 
Field measurements of pH, temperature, specific conductivity, 
concentration, and redox potential (groundwater samples); and 
Any other relevant information. 

GROUNDWATER AND SOIL ANALYTICAL PROTOCOL 

dissolved oxygen 

Laboratory analyses should be performed on all soil and groundwater samples using the 
analytical procedures listed in Table 2.1. Prior to sampling, arrangements should be made with 
the analytical laboratory to provide a sufficient number of appropriate sample containers for the 
samples to be collected. All containers, preservatives, and shipping requirements should be 
consistent with the analytical protocol. The field scientist must specify the necessary quality 
control samples and notify the laboratory so that they can prepare these bottles. For samples 
requiring chemical preservation, preservatives should be added to containers by the laboratory 
prior to shipping. Shipping containers, ice chests with adequate padding, and cooling media 
should be sent by the laboratory to the site. 
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Figure A.5.1 
Groundwater Sampling Record 

SAMPLING LOCATION 
SAMPLING DATE(S) 

GROUNDWATER SAMPLING RECORD - MONITORING WELUPOINT 
(number) 

REASON FOR SAMPLING: [ ] Regular Sampling; [ ] Special Sampling; 
DATE AND TIME OF SAMPLING: , 19- a.m./p.m. 
SAMPLE COLLECTED BY: of 
WEATHER: 
DATUM FOR WATER DEPTH MEASUREMENT (Describe): 

MONITORING WELL CONDITION: 
[ ] LOCKED: 

STEEL CASING CONDITION IS: 
INNER PVC CASING CONDITION IS: 
WATER DEPTH MEASUREMENT DATUM (IS - IS NOT) APPARENT 

[ ] UNLOCKED 
WELL NUMBER (IS - IS NOT) APPARENT 

[ ] DEFICIENCIES CORRECTED BY SAMPLE COLLECTOR 
[ 3 MONITORING WELL REQUIRED REPAIR (describe): 

Check-off 
1 [ 3 EQUIPMENT CLEANED BEFORE USE WITH 

Items Cleaned (List): 

2 [ ] LNAPL DEPTH FT. BELOW DATUM 
Measured with: 

WATER DEPTH FT. BELOW DATUM 
Measured with: 

3 [ ] WATER-CONDITION BEFORE WELL EVACUATION (Describe): 
Appearance: 
Odor: 
Other Comments: 

4 [ ] WELL EVACUATION: 
Method: 
Volume Removed: 
Observations: Water (slightly - very) cloudy 

Water level (rose - fell - no change) 
Water odors: 
Other comments: 
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Figure A.5.1 (Continued) 

5 [ ] SAMPLE EXTRACTION METHOD: 

[ 3 Bailer madeof: 
[ 1 Pump, type:- 
[ ] Other, describe: 

Sampleobtainedis [ ] GRAB; [ ] COMPOSITESAMPLE 

6 [ ] ON-SITE MEASUREMENTS: 
0 Measured with: Temp: 

pH: Measured with: 
Conductivity: Measured with: 
Dissolved Oxygen: Measured with: 
Redox Potential: Measured with: 
Salinity: Measured with: 
Nitrate: Measured with: 
Sulfate: Measured with: 
Ferrous Iron: Measured with: 
Other: 

7 [ ] SAMPLE CONTAINERS (material, number, size): 

8 [ 1 ON-SITE SAMPLE TREATMENT: 

[ ] Filtration: Method 
Method 
Method 

[ ] Preservatives added: 

Method 
Method 
Method 
Method 

Containers: 
Containers: 
Containers: 

Containers: 
Contain en :  
Containers: 
Containers: 

9 [ ] CONTAINER HANDLING: 

[ ] Container Sides Labeled 
[ ] Container Lids Taped 
[ ] Containers Placed in Ice Chest 

10 [ ] OTHER COMMENTS: 
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SECTION A-6 

AQUIFER CHARACTERIZATION METHODOLOGIES 

, Adequate characterization of the groundwater flow and contaminant transport system is an 
important component of the intrinsic remediation demonstration. The following sections describe 
the methodologies that should be used to characterize the hydrogeologic system. 

A.6.1 HYDRAULIC CONDUCTIVITY 

Hydraulic conductivity is perhaps the most important aquifer parameter governing 
groundwater flow and contaminant transport in the subsurface. Typical methods for determining 
hydraulic conductivity in the field include pumping tests and slug tests, both of which are 
described below. 

A.6.1.1 Definitions 

Hydraulic Conductivity (K). A quantitative measure of the ability of porous material to 
transmit water; defined as the volume of water that will flow through a unit cross-sectional 
area of porous or fractured material per unit time under a unit hydraulic gradient. 

Transmissivity (T). A quantitative measure of the ability of an aquifer to transmit water. 
It is the product of the hydraulic conductivity and the saturated thickness. 

Slug Test. Two types of testing are possible; a rising head or falling head test. A slug test 
consists of adding (or removing) a solid cylinder of known volume to (or from) the well to 
be tested and measuring the rate of recovery of the water level inside the well. 

0 Rising Head Test. A test used in an individual well within the saturated zone to estimate 
the hydraulic conductivity of the surrounding formation by lowering the water level in the 
well and measuring the rate of recovery of the water level. The water level is lowered by 
removing a submerged solid cylinder (slug) from the well. 

Falling Head Test. A test used in an individual well to estimate the hydraulic conductivity 
of the surrounding formation by raising the water level in the well by insertion of a slug, 
and then measuring the rate of drop in the water level. 
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0 Storage Coefficient (S). Volume of water that an aquifer releases from or takes into 
storage per unit area of aquifer, per unit of change in head. The storage coefficient is 
dimensionless. 

0 Specific Yield (Sy). The volume of water that a saturated soil will yield per unit volume of 

0 Specific Capacity (Cs). Rate of yield per unit of drawdown in a pumping well. 

0 Drawdown (s). 

Discharges (Q). Volume of water removed per unit of time. 

0 Unconfined (Water Table) Aquifer. An aquifer in which the water table forms the upper 

aquifer, under the influence of gravity. 

Difference between the elevation of the nonpumping potentiometric 
surface and the water level elevation, at some position during pumping. 

boundary. 

0 Confined Aquifer. An aquifer confined between two low permeability layers where the 
water level in a well completed in the aquifer rises to some level (Le., potentiometric 
surface) above the top of the aquifer. 

A.6.1.2 Slug Tests 

Slug tests should be conducted to estimate the hydraulic conductivity of the shallow saturated 
zone if it is not possible to conduct pumping tests. A slug test is a single-well hydraulic test used 
to determine the hydraulic conductivity of an aquifer in the immediate vicinity of the well. Slug 
tests can be used for both confined and unconfined aquifers that have a transmissivity of less than 
7,000 square feet per day (ftVday). Slug testing can be performed using either a rising head or a 
falling head test; in the method presented herein both methods are used in sequence. Slug tests 
should be conducted in all wells present at a site. The analysis of slug test data is discussed in 
Appendix C. 

A.6.1.2.1 Equipment 

The following equipment is needed to conduct a slug test: 

0 Teflon@, PVC , or metal slugs 

0 Nylon or polypropylene rope 

0 Electric water level indicator 

0 Pressure transducer/sensor 

Field logbooklforms 

0 Automatic data recording instrument (such as the Hermit Environmental Data 
Logger@, In-Situ, Inc. Model SElOOOB or equal) 
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A.6.1.2.2 General Test Methods 

Slug tests are accomplished by removal of a solid slug (rising head) or introduction of a solid 
slug (falling head), and then allowing the water level to stabilize while taking water level 
measurements at closely spaced time intervals. 

Prior to testing, the monitoring well must be thoroughly developed as described in 
Section A.4.1.2, and water levels should be allowed to stabilize. Slug testing should proceed only 
after water level measurements show that static water level equilibrium has been achieved. 
During the slug test, the water level change should be influenced only by the introduction (or 
subtraction) of the slug volume. Other factors, such as inadequate well development, extended 
pumping, etc., may lead to inaccurate results. It is up to the field scientist to decide when static 
equilibrium has been reached in the well. The pressure transducer, slugs, and any other down- 
hole equipment must be decontaminated prior to and immediately after the performance of the 
slug test. 

A.6.1.2.3 Falling Head Test 

The falling head test is the first step in the two-step slug-testing procedure. The following 
steps describe the procedure to be followed to perform the falling head test. 

1. Decontaminate all downhole equipment prior to initiating the test. 

2. Open the well. Where wells are located within a 100-year flood plain, and equipped with 
water tight caps, the well should be unsealed at least 24 hours prior to testing to allow the 
water level to stabilize. The protective casing will remain locked during this time to 
prevent vandalism. 

Prepare the Slug Test Data form (Figure A.6.1) with entries for: 3. 
0 Bore ho le/we I I number. 

0 Project number. 
0 Project name. 

0 Aquifer testing team. 

0 Climatic data. 

0 Ground surface elevation. 
0 Top of well casing elevation. 
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I 

Figure A.6.1 
Slug Test Data Form 

I 

i 

Locnt ion Clicnt: Wcll No. 
Job No. Field Scicntist Date 
Wnicr k c 1  Total tVcll Depth 
hiasuring Dnrum Datum Elcvaiion 
\Vather Tcmp 
Slug Dimcnsioiis and Volume 

I I I 

I 
1 
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0 Identification of measuring equipment being used. 

0 Page number. 

0 Static water level. 

0 Date. 

4. Measure the static water level in the well to the nearest 0.01 foot. 

5.  Lower the decontaminated pressure transducer into the well and allow the displaced water 
to return to its static level. This can be determined by making periodic water level 
measurements until the static water level in the well is within 0.01 foot of the original 
static water level. 

6. Lower the decontaminated slug into the well to just above the water level in the well. 

7 .  Turn on the data logger and quickly lower the slug below the water table being careful not 
to disturb the pressure transducer. Follow the owner’s manual for proper operation of the 
data logger. 

8. Terminate data recording when the water level stabilizes in the well. Remove the slug 
from the well and continue with the rising head test. 

Hard copies of the data logger output (drawdown vs. time) should be printed on field printers 
before transporting the logger back to the office. 

A.6.1.2.4 Rising Head Test 

Immediately following completion of the falling head test, the rising head test is performed. 
The following steps describe the rising head slug test procedure. 

1. Measure the static water level in the well to the nearest 0.01 foot to ensure that it has 
returned to the static water level. 

2. Initiate data recording and quickly withdraw the slug from the well. Follow the owner’s 
manual for proper operation of the data logger. 

Terminate data recording when the water level stabilizes in the well. Remove the pressure 
transducer from the well and decontaminate it. 

3. 
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A.6.1.3 Pumping Tests 

This section outlines the methods for determining aquifer hydraulic characteristics from 
pumping tests. For a more detailed discussion of how to conduct a pumping test, the reader is 
referred to the work of Dawson and Istok (1991) and Kruseman and de Ridder (1991). The 
methods described in this section may be used for both unconfined and confined aquifers. Values 
obtained are representative of the conditions of the aquifer over a large area. The interpretation 
of aquifer pumping test data is not unique. Similar sets of data can be obtained from various 
combinations of geologic conditions. The interpretation of pumping test data is discussed in 
Appendix C of this protocol document. 

The pumping test procedure consists of pumping a well at a constant rate for a specified length 
of time, and measuring the rate of drawdown of the water table or potentiometric surface in the 
surrounding aquifer. Periodic water level measurements are taken in both the pumped well and 
any nearby observation wells. Field personnel must have a basic familiarity with pumping tests, 
and should be trained to assist in conducting the test and gathering data. 

A.6.1.3.1 Equipment 

The equipment needed to perform aquifer tests includes: 

Pumps 

0 Gate valve 0 Barometer 

0 Electrical generator 

0 Flow meter with totalizer 

0 Water level indicators 

0 Pressure gauge 

0 Field logbook/forms 

0 Pressure transducers and 

0 Conductivity meter, pH meter, and thermometer 

0 Semi-log and log-log graph paper 

0 Portable computer 

0 Field printer for data 

0 Type matching curves 

0 Meter and stopwatch for discharge 

0 Hose or pipe for transfer of water 

0 Engineer’s tape calibrated to 0 Adequately s’ized tank for storing 

0 5-gallon pail 

measurement 

data recorder 

0.01 ft contaminated water 
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A.6.1.3.2 Procedure 

The location of an aquifer test is determined to a great extent by the size of the area, the 
uniformity and homogeneity of the aquifer, and known or suspected recharge or barrier boundary 
conditions. The hydrogeological conditions of the site should not change over short distances, 
and should be representative of the area under study. 

As much information as possible should be collected and evaluated before performing an 
aquifer pumping test. Such data should include groundwater flow direction, hydraulic gradients, 
well characteristics, regional water level trends, the existence of other pumping wells in the 
vicinity of the test area, the anticipated groundwater quality and quantity of the discharge water 
need to determine type/volume of storage container(s), and the expected specific capacity of the 
pumped well. 

Pumping equipment should conform to the size of the well. Drilling logs, data associated with 
well construction, and performance characteristics of other wells in the area should be considered. 
Transmissivities may be estimated from the boring logs, laboratory permeability tests, and slug 
tests. Any number of observation wells may be used. The number chosen is contingent upon 
both cost and the need to obtain the maximum amount of accurate and reliable data. If three or 
more observation wells are to be installed, and there is a known boundary condition, the wells 
should be placed along a radial line extending from the pumping well toward the boundary. One 
well should be placed perpendicular to the line of observation wells to determine whether radial 
anisotropy exists within the aquifer. If two observation wells are to be installed, they should be 
placed in a triangular pattern, non-equidistant from the pumping well. Observation wells should 
be located at distances and depths appropriate for the planned method for analysis of the aquifer 
test data. Observation well spacing should be determined based upon expected drawdown 
conditions that are the result of the geohydraulic properties studies, pumping test duration, and 
the pumping rate proposed. Preliminary pumping results should also be used (if available). Not 
all projects can afford the luxury of preliminary testing and pump testing. 

If testing a confined aquifer that is relatively thin, the pumping well should be screened for the 
entire thickness of the aquifer. For a confined aquifer, the water level in the pumping well should 
not be allowed, if possible, to fall below the bottom of the upper confining stratum during a 
pumping test. For an unconfined aquifer, the wells should be screened in the bottom one-third or 
two-thirds of the saturated zone. 
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A.6.1.3.2.1 Preparation for Testing 

For at least 24 hours prior to performing a pumping test, water levels in the test well and 
observation wells and barometric pressure should be measured hourly to determine whether there 
is a measurable fluctuation and trend in water levels. If pressure transducers and a data logger are 
used, water levels should be recorded hourly. If a trend is apparent, a curve of the change in 
depth versus time should be prepared and used to correct the water levels observed during the 
test. 

Test wells should undergo preliminary pumping or step drawdown tests prior to the actual test. 
This will enable fines to be flushed from the adjacent formation near the well and a steady flow 
rate to be established. The preliminary pumping should determine the maximum drawdown in the 
well and the proper pumping rate should be determined by step drawdown testing. The aquifer 
should then be given time to recover before the actual pumping test begins (as a rule-of-thumb, 
one day). 

Barometric changes may affect water levels in wells, particularly in semiconfined and confined 
aquifers. A change in barometric pressure may cause a change in the water level. The field 
barometer should be calibrated prior to use. Any change in barometric pressure during the test 
should be recorded, to allow corrections in water level measurements taken during the pumping 
test. 

A record should be maintained in the field logbook of the times of pumping and discharge of 
other wells in the area, and if their radii of influence intersect the cone of depression of the test 
well. All measurements and observations should be recorded in a field notebook or on an Aquifer 
Test Data Form. If data loggers with transducers are used, field measurements should be 
performed in case of data logger malfunction. 

In areas of severe winter climates, where the frost line may extend to depths of several feet, 
pumping tests should be avoided during cold weather months where the water table is less than 12 
feet from the surface. Under certain conditions, the frozen soil acts as a confining stratum, and 
combined with leaky aquifer and delayed storage characteristics, test results may be unreliable. 
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A.6.1.3.2.2 Conducting the Pumping Test 

Immediately prior to starting the pump, the water levels should be measured in all wells to 
determine the static water levels upon which all drawdowns will be based. These data and the 
times of measurement should be recorded on the Aquifer Test Data Form. Data loggers should 
be reset for each well to a starting water level of 0.0 foot. 

Water pumped from an unconfined aquifer during a pumping test should be disposed of in such 
a manner as not to allow the aquifer to be recharged by infiltration during the test. This means 
that the water must be piped well away tiom the well and associated observation wells. Recharge 
could adversely affect the results obtained. Also, if contaminated water is pumped during the test, 
the water must be stored and treated or disposed of according to the project work plan for the 
study. The discharge water may be temporarily stored in drums, a lined, bermed area, or tanks. If 
necessary, it should be transported and staged in a designated secure area. 

’ 

The discharge rate should be measured frequently throughout the test and controlled to 
maintain it as constant as possible, after the initial excess discharge has been stabilized. This can 
be achieved by using a control valve. 

The pitch or rhythm of the pump engine or generators provides a check on performance. If 
there is a sudden change in pitch, the discharge should be checked immediately and proper 
adjustments to the control valve or the engine speed should be made, if necessary. Do not allow 
the pump to break suction during the test. Allow for maximum drawdown of the well during the 
step drawdown test. If done properly, the flow control valve can be pre-set for the test and will 
not have to be adjusted during pumping. If the pump does shut down during the test, make 
necessary adjustments and restart the test after the well has stabilized. 

At least 10 measurements of drawdown for each log cycle of time should be made both in the 
test well and the observation wells. Data loggers can be set to record in log time, which is very 
useful for data analysis. A suggested schedule for recording water level measurements made by 
hand is as follows: 

0 0 to 10 minutes - 0.5, 1.0, 2.5, 2.0, 2.5, 3.0, 4.5, 6.5, 8, and 10 minutes. It is important in 
the early part of the test to record with maximum accuracy the time at which readings are 
taken. 

0 10 to 100 minutes - 10, 15, 20, 25, 30, 40, 50, 65, 80 and 100 minutes. 
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0 Then, at 1-hour intervals from 100 minutes to 1,440 minutes (one day) and every 2 hours 
after 1 day completion. 

Initially, there should be sufficient field personnel to station one person at each well used in the 
pumping test (unless an automatic water-level recording system has been installed). After the first 
2 hours of pumping, two people are usually sufficient to complete the test. A third person is 
needed when treatment of the pumped water is required prior to discharge. 

Field personnel should be aware that electronic equipment sometimes fails in the field. Some 
field crews have experienced complete loss of data due to failure of a logger or transducer. It is a 
good idea to record data in the field logbook or on a manual form as the data are produced. That 
way, the data are not lost should the equipment fail. 

The discharge or pumping rate should be measured with a flow meter that also has a totalizer. 
When the pumping is complete, the total gallons pumped are divided by the time of pumping to 
obtain the average discharge rate for the test. Periodic checking and recording of the pumping 
rate during the test also should be performed. 

The total pumping time for a test depends on the type of aquifer and degree of accuracy 
desired. Economizing on the duration of pumping is not recommended. More reliable results are 
obtained if pumping continues until the cone of depression achieves a stabilized condition. The 
cone of depression will continue to expand at a slower rate until recharge of the aquifer equals the 
pumping rate, and a steady-state condition is established. The time required for steady-state flow 
to occur may vary from a few hours to years. 

Under normal conditions, it is a good practice to continue a pumping test in a confined aquifer 
for at least 24 hours, and in an unconfined aquifer for a minimum of 72 hours. A longer duration 
of pumping may reveal the presence of boundary conditions or delayed yield. Use of portable 
computers allows time/drawdown plots to be made in the field. If data loggers are used to 
monitor water levels, hard copies of the data printed on field printers should be obtained before 
transporting the logger back to the office for downloading. 
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A.6.2 HYDRAULIC GRADIENT 

In order to determine the hydraulic gradient and groundwater flow direction, it is necessary to 
take water level measurements. To adequately determine the flow direction of a solute plume, it 
is desirable to have a minimum of quarterly water level measurements over a period of 1 year. 

A.6.2.1 Water Level Measurements 

Water levels at all monitoring wells and piezometers should be measured within a short time 
interval so that the water level data are comparable. Water levels measured in wells should not be 
used for gradient calculations and potentiometric surface maps until the wells are developed and 
the water levels have stabilized. The depth to water below the measurement datum is made using 
an electric water level probe, and measurements should be made to the nearest 0.01 ft. 

A.6.2.2 Well Location and Datum Survey 

The location and elevation of all wells at the site should be surveyed by a registered surveyor. 
The horizontal location should be measured relative to established facility coordinates. Horizontal 
coordinates should be measured to the nearest 0.1 foot. Vertical location of the ground surface 
adjacent to the well casing, the measurement datum (top of the interior casing), and the top of the 
outer well casing should be measured relative to a mean sea level datum. The ground surface 
elevation should be measured to the nearest 0.1 foot, and the measurement datum, outer casing, 
and surveyor’s pin (if present) elevations should be measured to the nearest 0.01 foot. 
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APPENDIX B 

IMPORTANT PROCESSES AFFECTING THE FATE 
AND TRANSPORT OF FUEL HYDROCARBONS IN THE 

SUBSURFACE 
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SECTION B-1 

INTRODUCTION 

B. l . l  FATE AND TRANSPORT MECHANISMS 

This appendix presents an overview of the important processes affecting the fate and transport 
of benzene, toluene, ethylbenzene, and xylene (BTEX) dissolved in groundwater. Processes 
discussed include advection, hydrodynamic dispersion (mechanical dispersion and diffusion), 
sorption, biodegradation, infiltration, and volatilization. Table B. 1.1 summarizes these processes. 
The environmental fate and transport of a contaminant is controlled by the compound’s physical 
and chemical properties and the nature of the subsurface media through which the compound is 
migrating. Important properties include: 

0 SoiVwater distribution coefficient (&); 

Organic carbon/water partition coefficient (L); 
OctanoVwater partition coefficient (K,,,,,); 

Water solubility; 

Vapor pressure; 

0 Henry’s Law constant (aidwater partition coefficient, H); 

Indigenous bacterial population; 

Hydraulic conductivity; 

0 Porosity; 

Total organic carbon content; 

Bulk density; 

0 Grain size distribution; and 

0 Ambient groundwater geochemistry. 
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Table B. l . l  
Summary of Important Processes Acting on BTEX in the Subsurface 

Process 
Advection 

Dispersion 

Diffusion 

Sorption 

Infiltration (Simple 
Di I u t ion) 

Volatilization 

Biodegradation 

Partitioning from LNAPL 

~~ 

Description 
Movement of solute by bulk 
groundwater movement. 

Fluid mixing due to 
groundwater movement and 
aquifer heterogeneities. 

Spreading and dilutionof 
contaminant due to 
molecular diffusion. 

Reaction between aquifer 
matrix and solute whereby 
the relatively hydrophobic 
BTEX compounds become 
sorbed to organic carbon or 
clay minerals. 

Infiltration of water from the 
surface into the subsurface. 

Volatilization of BTEX from 
the aqueous phase in 
groundwater into the vapor 
phase in soil gas. 
Microbially mediated 
oxidation-reduction reactions 
that transform BTEX to 
carbon dioxide and water. 

Partitioning from LNAPL 
into groundwater. LNAPL 
plumes tend to act as a 
continuing source of 
groundwater contamination. 

Dependencies 
Dependent on aquifer 
properties, mainly hydraulic 
conductivity and effective 
porosity, and hydraulic 
gradient. Independent of 
contaminant properties. 
Dependent on aquifer 
properties and scale of 
observation. Independent of 
contaminant, 

Dependent on contaminant 
properties and concentration 
gradients. Described by 
Fick’s Laws. 

Dependent on aquifer matrix 
properties (organic carbon 
and clay mineral content, 
bulk density, specific surface 
area, and porosity) and 
contaminant properties 
(solubility, hydrophobicity, 
octanol-water partitioning 
coefficient). 
Dependent on aquifer matrix 
properties, depth to 
groundwater and climate. 

Dependent on the chemical’s 
vapor pressure and Henry’s 
Law constant. 

Dependent on groundwater 
geochemistry. microbial 
population and contaminant 
properties. BTEX is 
biodegradable under aerobic 
and anaerobic conditions. 
Dependent on aquifer matrix 
(relative permeability, 
xpillary pressure. and 
residual saturation) and 
:ontaminant properties 
[solubility. mass fraction, 
volatility, density, interfacial 
.ension). 

Effect 
Main mechanism driving 
contaminant movement in 
the subsurface. 

Causes longitudinal, 
transverse, and vertical 
spreading of the plume. 
Reduces solute 
concentration. 
Diffusion of contaminant 
from areas of relatively high 
concentration to areas of 
re lati vel y low concentration. 
Generally unimportant at 
most groundwater flow 
velocities. 
Tends to reduce solute 
transport rate and remove 
solutes from the groundwater 
via sorption to the aquifer 
matrix. 

~ 

Causes dilution of the 
contaminant plume and 
replenishes electron acceptor 
concentrations, especially 
dissolved oxygen. 
Causes removal of BTEX 
from the groundwater. 

~~ 

Results in complete 
mineralization of BTEX to 
carbon dioxide and water. 
Most important process in 
contaminant mass reduction. 

Dissolution of BTEX from 
LNAPL represents the 
primary source of dissolved 
BTEX in groundwater. 
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Intrinsic remediation results from the integration of several subsurface attenuation mechanisms, 
both nondestructive and destructive. Several processes are known to cause a reduction in the 
concentration andor mass of a contaminant dissolved in groundwater. Those processes that 
result only in the reduction of a contaminant's concentration but not of the total contaminant mass 
in the system are termed nondestructive and include hydrodynamic dispersion, sorption, 
volatilization, and dilution via infiltration. Nondestructive attenuation mechanisms are discussed 
in Sections B-2, B-3, B-4, and B-6. Those processes that result in a reduction in the total mass of 
contaminant in the system are referred to as destructive. Biodegradation is the dominant 
destructive attenuation mechanism acting on the BTEX compounds. Biodegradation is discussed 
in Section B-5. 

It is important to separate nondestructive from destructive attenuation mechanisms during the 
intrinsic remediation demonstration. The methods for correcting apparent attenuation caused by 
nondestructive attenuation mechanisms are discussed in Appendix C. 

B.1.2 MATHEMATICAL DESCRIPTION OF SOLUTE FATE AND TRANSPORT 

The partial differential equation describing BTEX migration and attenuation in the saturated 
zone includes terms for advection, dispersion, sorption, and biodegradation. In one dimension, 
the partial differential equation describing solute transport in the saturated zone is: 

eq.  B . l . l  

Where: C = solute concentration [MI 
t = time [TI 
4, = hydrodynamic dispersion [L2/T] 
R = coefficient of retardation [dimensionless] 
x = distance along flow path [L] 
v., = transport velocity in x direction [L/T] 
QS = general source or sink term for reactions involving the 

production or loss of solute (e.g., biodegradation) [M/L'/T] 

The biodegradation of BTEX compounds commonly can be approximated using first-order 
kinetics. In one dimension, the partial differential equation describing solute transport with first- 
order biodegradation in the saturated zone is given by: 

B1-3 
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eq. B.1.2 

Where: C = concentration [M/L3] 
t = time [TI 
D.v = hydrodynamic dispersion [L2/T] 
x = distance along flow path [L] 
R = coefficient of retardation [dimensionless] 
v., = transport velocity in x direction [WT] 
h = first-order decay rate [T-'1 

These equations serve to illustrate how the processes of advection, dispersion, sorption, and 
biodegradation are integrated to describe the fate and transport of solutes in the saturated zone. 
These relationships were derived using the continuity (conservation of mass) equation, which 
states that the rate of change of contaminant mass within a unit volume of porous media is equal 
to the flux of contaminant into the unit volume minus the flux out of the unit volume (Freeze and 
Cherry, 1979). Processes governing flux into the unit volume include advection and 
hydrodynamic dispersion (including mechanical dispersion and diffusion). Processes governing 
flux out of the unit volume include advection, hydrodynamic dispersion, sorption, and chemical 
reactions (most notably biodegradation for BTEX). Stated mathematically, the change in solute 
concentration is: 

Change in Solute Concentration = Flux In - Flux Out k Reactions 

The following sections describe each of the processes affecting the fate and transport of the 
BTEX compounds. 
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